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ABSTRACT 
The work examines the b a s i s o f a dew-point hygrometer 
w h i c h senses t h e i n c i p i e n c e o f dew by the change i n s u r f a c e 
r e s i s t a n c e o f a c o o l e d i n s u l a t o r . The s t u d y i s p r i m a r i l y 
concerned w i t h soda-lime g l a s s s u r f a c e s a l t h o u g h s i l i c a and 
polymers were b r i e f l y examined i n the e x p e r i m e n t a l work. 
The w a t e r vapotir a d s o r p t i o n process on glass i s reviewed, 
and the ensuing chemical and p h y s i c a l m o d i f i c a t i o n o f the 
s u r f a c e s t r u c t u r e i s n o t e d . The water vapour t o l i q u i d water 
phase t r a n s i t i o n was shown t o be b a s i c a l l y a d r o p l e t 
n u c l e a t i o n process i n s u r f a c e f e a t u r e s such as cracks and 
s c r a t c h e s . A condensation r a t e e q u a t i o n was developed, and 
extended t o a model which s i m u l a t e s the n u c l e a t i o n process i n 
s u r f a c e p i t s and the growth r a t e s o f d r o p l e t s . 
An e x p e r i m e n t a l apparatus i s d e s c r i b e d which enabled 
s m a l l i n s u l a t o r specimens t o be cooled over a c a r e f u l l y 
c o n t r o l l e d temperatixre range i n a gas stream o f c o n s t a n t 
h i i m i d i t y . The s u r f a c e r e s i s t i v i t y and a m i c r o s c o p i c >< 
e x a m i n a t i o n o f t h e growing dew d e p o s i t were s i m u l t a n e o u s l y 
m o n i t o r e d d u r i n g t h e c o o l i n g process. The measured 
r e s i s t i v i t y c h a r a c t e r i s t i c s were i n good agreement w i t h 
e a r l i e r work, b u t have been more a c c u r a t e l y compared w i t h the 
thermodyneimic dew-point t e m p e r a t u r e . Soluble s u r f a c e 
m a t e r i a l s i n the soda-lime g l a s s were shown t o have a 
c o n s i d e r a b l e i n f l u e n c e on t h e temperature a t which t h e dew 
d e p o s i t formed. A computer-based model o f the s u r f a c e f i l m 
and c o a l e s c i n g d r o p l e t s has p r e d i c t e d some o f the observed 
r e s i s t i v i t y i n f l e c t i o n c h a r a c t e r i s t i c s a t the dew-point. 
The measured d r o p l e t growth r a t e s were i n good agreement w i t h 
the p r e d i c t e d r a t e s ; and the r a t e process o f condensation 
has been s a t i s f a c t o r i l y r e l a t e d t o t h e time dependent s u r f a c e 
r e s i s t i v i t y c h a r a c t e r i s t i c s . 
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L I S T OF SYiVCBOLS 
A Psychroiaeter Constant. 
Ac Active droplet surface area. 
C P Specific heat of the car r i e r gas. 
CPM Specific heat of the vapour and gas luixtxire. 
D Mean distance between adsorlDed molecules. 
Ee Evaporation energy per molecule, 
h Droplet height. 
hfg Enthalpy change of vapoiirisation; "Latent heat of vapoiirisation". 
fix Heat transfer c o e f f i c i e n t at horizontal coordinate 'X*. 
h)t Average heat transfer coefficient over a distance'x.'. 
k. Thermal conductivity of the carrier gas. 
kw Thermal conductivity of water. 
i Liquid f i l m thickness. 
M Molecular weight of water. 
Ms Molecular weight of solute. 
nrir Mass transfer rate to u n i t curved surface area. 
TTly Mass of vapour occupying a volume 'Vv'. 
nriw Mass transfer c o e f f i c i e n t f o r unit plane surface area, 
TOa, Mass transfer rate to unit plane surface area. 
ML Lewis Nvunber, 
Nux Nusselt Number, 
n Kumber of adsorbed molecular layers. 
P Pressure exerted by volume 'V at temperature 
PA Standard atmospheric pressxire. 
Pi P a r t i a l pressure yielded by component 'i' i n a mixture. 
Pi Vapour pressure j u s t outside an adsorbed f i l m . 
Poi Saturated vapotir pressure of component 'i* at temperature 'T', 
Pp Vapour pressure j u s t outside a droplet of radius 'r* 
and i n equilibrium with the droplet surface. 
Pw Saturation vapour pressure over a plan© water surface at 
temperature 'Tw'. 
« P a r t i a l vapour pressure of the moist gas at temperature 
'J^', which becomes the saturation vapour pressure at 
temperature 'Ts'« 
l^p^ Relative vapour presstire. (Ratio of the vapour pressure to 
the saturation vapour pressure at the same temperature.) 
PvQ Prandtl Ktunber of the c a r r i e r gas. 
Q, Heat conducted through a droplet. 
Heat.transferred by convection over a distance 'x', 
Qw Heat transfer to the surface at coordinate 'X'. 
The volume rate of mass transfer per unit area, (section 4 . 2 ) . 
0^ The volume rate of mass transfer per unit area, (section 4.5)« 
R Universal gas constant. 
To Water basal radius inside a p i t . 
TB Droplet basal radius, 
n Droplet surface radius of curvature. 
Tm P i t " l i p " radius. 
Vp P i t "mouth" radius. 
• * 
r ' C r i t i c a l ' droplet radius of curvature. 
Rex Reynolds Number for flow across a laminar surface. 
T Absolute thermodynamic temperature. 
"I^ Free stream temperature. 
Ti The liquid/vapour interface temperature. 
Ts Dew-point temperature corresponding to the saturation 
vapour pressure Poo over a plane water surface. 
Tw Surface temperature, 
I s Free stream gas temperature relative to Tw 
Tt Defined i n equation (10) as ( T x - J w ) 
Tw Surface temperature at 'X'• 
Tx Temperature at height within the boundary layer, 
t Time. 
Us Free stream velocity of the carrier gas. 
Ux Velocity at height 'ij' within the boundary layer. 
V Volume at pressure 'p* and temperature ' y ' . 
Vf Specific volume of the vapour phase. 
Specific volume of the condensed phase. 
Vi Total water volume at any defined growth state, 
V/A Volume (of gas and vapour) l y i n g between the water surface 
and the horizontal, i n Region 2, 
V£c Volume of a cone with a basal radius 'rp' and semicone 
angle y . 
VPD Total water volume above the horizontal surface. 
Vfw P a r t i a l volme of water i n Region 3 with a water-to-
horizontal contact angle, 'Se'" 
Vv Water vapour volume at pressure ?» and temperature 'Ts'. 
Vw A specified water volume. 
V Number of moles of ions per mole of electrolyte. 
Wu Work of cohesion of a l i q u i d . 
Wst Work of adhesion between l i q u i d and s o l i d . 
Vs Mass of solute. 
MaBB of water. 
X A horizontal surface dimension. 
Horizontal displacement between velocity and temperature 
boundary layers. 
Xi Mole f r a c t i o n of component 'i' i n a gaseous mixture. 
Xs Solute mole f r a c t i o n . 
Xw Mole f r a c t i o n of water vapotir i n the carrier gas adjacent 
to the l i q u i d surface. 
Xo9 Mole f r a c t i o n of water vapotir i n the bulk gas. 
\j A v e r t i c a l dimension above a surface. 
Z (= /^Po ) Supersaturation r a t i o f or ^R, > 1.0 
y Stirface free energy ("surface tension"). 
VLV Surface free energy of l i q u i d surrovinded by vapour. 
YsL Surface free energy of the s o l i d / l i q u i d interface. 
Yiv Surface free energy of sol i d sttrrounded by vapour. 
S Velocity boundary layer thickness at 'X'. 
St Temperature boundary layer thickness at 'X'. 
0 Tiia l i q u i d - t o - s o l i d contact angle. 
6 A The variable water-to-vapour contact angle with respect to 
the horizontal, i n Eegion 2, 
6 6 The variable water-to-horizontal contact angle, i n Region 5« 
0H Th** defined water-to-vaipour contact angle with respect to 
the horizontal, i n Region 1, 
ji Coefficient of molecular viscosity of the c a r r i e r gas. 
jO Water density. 
Carrier gas density. 
jUn Gas/vapour mixtiire, density. 
Water vapour density, 
ty Surface free energy ("surface tension") 
Tw Shear stress at the surface. 
^ P i t semicone angle. 
^ The r a t i o of i 
1. 
C H A P T E R 1 
Introduction 
1 . 1 ) This project was i n i t i a t e d to investigate a type of dew-point 
humidity measurement instrument which involves measuring the e l e c t r i c a l 
surface resistance at the dew-point. During the course of t h i s work 
i t became apparent that dew-point hygrometry was a complex thermodynamic 
process, and that the particular method studied had received very l i t t l e 
background research. The s c i e n t i f i c disciplines involved i n dew formation 
are diverse, and although individual sections are often well understood, 
few previous attempts have been made to study the whole process. A 
computer based model of a substantial part of the droplet growth mechanism 
was derived, and where possible i t was compared with experimental results. 
An experimental apparatus was constructed to measure the surface 
resistance of insulators at the dew-point whilst simultaneously allowing 
an optical examination of the surface to be made. The results of the 
experiments explain some of the fundamental principles of surface 
conductivity at the dew-point w h i l s t allowing a. comparison to be made 
with the more conventional optical dew-point detection. 
1.2 Dew-Point as a Htmiidity Reporting Form 
For many practical applications i t i s most convenient to measure 
humidity i n terms of the dew-point temperatTore. B r i t i s h Standard 1559J 
1965 defines "dew-point" as, "the temperature at which the vapour pressure 
of the water vapour i n the a i r i s equal to the saturation vapour pressure 
over water." 
The "thermodynamic dew-point" i s defined for a syistem i n which 
the ideal gas laws hold as, "The temperature at which the miking r a t i o 
2 AUG 1974 
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has i t s maximum value". (The mixing r a t i o i s defined as "the r a t i o of 
the mass of water vapo-ur to the mass o f dry a i r with which the water 
vapour i s associated").. 
Furthermore, "the thermodynamic dew-point i s the temperature at 
which condensation begins to occur under normal conditions when the . 
i n i t i a l mixture i s cooled at constant presisure''. 
BSI359 defines "dew-point hygrometry'.by, "The temperature of a slowly-
cooled surface exposed to the a i r i s observed when a thin f i l m of dew 
is seen to be forming. That temperature i s the dew-point". 
In practice the dew-point temperat-ure may be converted to another 
I reporting form, such as "r e l a t i v e humidity". The. conversion i s made with 
reference to a saturation vapour pressure curve f o r water. The data 
f o r such a curve i s experimentally derived, although theoretical t r e a t -
ments can now obtain a good f i t to experimental results. The presont 
work uses the l a t e s t N.B.S. curve (I.PiT*S, - 68) published by 1/^exler and 
Greenspan ( I ) . . • ' ' . ^ 
Dickson (2) points out that the terminology f o r the "dew-point'* 
• reporting form i s confused by the term "frost-point" used i n meteoro-
log i c a l work f o r saturation over ice. The. 'International Standards 
Organisation* suggest the use of the term "condensation temperature", 
and this may eventually replace the dew- or frost-point reporting forms. 
Prom the present work i t i s f e l t that the d e f i n i t i o n i n BS1559» 
and other sources, of "dew-point hygrometry" should consider the dew-
point to be an equilibrium value, rather .than suggest that net condensation 
occurs. Wylie, Davies and Caw ( j ) stiggest a deposit should be formed 
and then maintained at ai constant siz6. The equilibrium temperature, 
at which the rates of condensation and evaporation are equal» i s the 
"de-w-point". Furthermore, V/ylie et al have experimentally shown the 
3. 
equilibrium teraperatiire to give a more accurate dew-point determination 
than noting the temperature of the onset of condensation. The present 
work confirms Wylie's findings. 
IIJL The Development of Cooled Surface Dew-Point Hygrometers 
I n 1660 the Acaderaia Del Gimento published the f i r s t work describing 
an instrument r e l y i n g upon condensation to measure humidity. This 
apparatus used an ice f i l l e d cone to form dew on the external surface. 
The dew was collected i n a graduated container under the cone apex, and 
the humidity was recorded as a rate of dew collection. In 1751 Le Roy 
developed an instrument i n which the temperature of dew formation was 
noted. Present day instruments use the same basic p r i n i c i p l e although 
improvements have been made on a l l aspects of the design. The method 
i s now a sub-standard humidity measurement. 
U n t i l recently, dew-point instruments have used metallic surfaces 
cooled by ether or petrol evaporation on the underside. A microscope 
was used by the operator to note the dew formation, and the temperature 
was manually controlled during the operation. Recent developments 
have used Pe l t i e r - e f f e c t thermoelectric coolers, and a l i g h t source and 
photocell system to detect the l i g h t r e f l e c t i o n from the deposit. 
A control loop between the dew detection system and the cooler enables 
the instrument to hold the surface temperature at the dew-point. 
E l e c t r i c a l temperature transducers are mounted just beneath the surface 
and enable a continuous record of the dew-point temperature to be obtained. 
The optical method of detecting and controlling the size of a dew 
deposit i s generally a slow process because of the slow rates of mass 
transfer i n most instruments. Prom time to time, developments have 
4. 
appeared i n the l i t e r a t u r e aimed at speeding up the dew detection 
method. The general b e l i e f behind such developments i s that i£ a deposit 
can be detected before i t reaches the size of v i s i b l e droplets, the 
speed w i l l be increased. 
One recent technique f o r detecting a deposit has been to pasi? alpha 
radiation through the layer from a radioactive source beneath the 
deposition surface to an alpha pa r t i c l e detector above. The change i n 
pulse height i n the detector i s a measure of the dew deposit thickness. 
The overall instrumentation i s complex and therefore costly, nevertheless 
commercial instruments based on the technique are available. 
A second technique f o r detecting a deposit has been to cool an 
e l e c t r i c a l insulator, and note the surface conductivity as a deposit i s 
formed. This i s the process to be studied i n the present work, and the 
following sections trace the development of the method and the problems 
which have i n i t i a t e d the present research project. 
1.4 I)ew-Point Instruments Based on the Surface Electi^ical Conductivity 
of a Cooled Insulator 
Bridgeman (4) i h 1966 described a commercial dew-point hygrometer 
which detected dew on a cooled e l e c t r i c a l insulator by measui'ing the 
surface conductivity. A more comprehensive study of this instrument was 
given by Bridgeman and Kraft (5) i n 1969. 
The background work to the development of the technique i s based 
on many ea r l i e r studies which have shown that certain insulators decrease 
i n surface resistance ais the vapour pressure i s increased, Bridgeman 
cites the work of Small, Brooksbank and Thornton (6) i n I93I who measured 
the surface resistance of glass as i t s temperature reached the dew-point. 
The woi*k of F i e l d (?) i n 1946 is- quoted because i t showed that certain 
5 . 
materials had a fast resistance response to a humidity change, and would, 
therefore, be most suitable for an instrment. F i n a l l y , the work of 
Leone (8) i n 1963 i s quoted because he produced an automatic instrument 
based on the conductivity p r i n c i p l e . 
Smail et a l (6) showed that the surface resistance of glass was 
constant at humidity donditions near the dew-point, for a wide range of 
dew-point temperatures. From t h i s work Bridgeman (and presumably Leone) 
deduced that the surface resistance need only be controlled at a given 
value sind that the temperature of the surface would be the dew-point. 
Leone suggested that the surface resistance should be controlled at 
a value corresponding to a temperature j u s t above the dew-point. The 
reason fo r t h i s was to reduce the amount of the deposit and hence increase 
the speed of the instrument. Bridgeman has adopted a similar technique. 
The commercial instrument described by Bridgeman and produced by 
Vap-Air Division, Vapor Corporation (U.S.A.) uses an epoxy-filled 
glass cloth surface and gold comb electrodes. The surface temperature 
i s measured by a thermocouple. The instrument repeatability i s quoted 
as 0.5°P and the long term s t a b i l i t y i n an air conditioned atmosphere 
was 2°F over a three year period. 
1.3 The Investigation i n the Present Work 
A revi|9w of the background work r e l a t i n g to the dew-point instrument 
described i n the previous section has revealed a number of important 
points which require c l a r i f i c a t i o n . The underlying problem i s that no 
simultaneous measurement of opticaland electricitL characteristics 
at the dew-point, has been found i n the l i t e r a t u r e . 
The instruments of Bridgeraan, and Leone, do not measure the thermo-
dynamic dew-point, but are reported to measure a temperature somewhat 
6 . 
higher and hence are calibrated to the dew-point. Nevertheless, i t i s 
f e l t that the basic work of Small et a l (6) should be repeated whilst 
simultaneously making an optical examination of the surface, and precisely 
c o n t r o l l i n g the surface temperature at a range of values passing through 
the thermodynamic dew-point. 
Following Small et a l , a glass surface was chosen as the insulator 
f o r the practical work. This has the advantage that there i s a consider-
able quantity of published l i t e r a t u r e describing not only the e l e c t r i c a l 
characteristics, but also the physical and chemical characteristics of 
glass. Where necessary, surfaces of other materials have been used to 
consolidate the results on glass. 
The review work begins by considering how water vapour becomes 
attached to glass, and discusses the physical, chemical and e l e c t r i c a l 
properties of the system. The review proceeds to show how the attached 
molecules become a l i q u i d phase and grow by condensation aftetf saturation. 
A model i s derived to investigate the physical growth during t h i s process. 
The experimental work shows, where possible, the v a l i d i t y of the model. 
7. 
C H A P T E R 2 
A Review of Water Adsorption and Chemisorption on Glass and i t s Effect 
on the Surface Conductivity 
The pxirpose of t h i s chapter i s to show how water vapour i s adsorbed 
on a glass surface and what effect t h i s has on the surface e l e c t r i c a l 
conductivity. I t i s shown that the process involves cheraisorption as 
well as physical adsorption, hence the chemical reactions between water 
and glass are reviewed i n some depth. 
The chapter reviews the l i t e r a t u r e on the subjects, s t a r t i n g with 
a discussion on physical adsorption, (section 2,1), and a qualitat^-ve 
(section 2,2)and quantitative (section 2.3) description of the process. 
I t i s pointed out that the glass - water system i s complex, involves 
chemisorption and has so far eluded successful theoretical treatment. 
Relevant l i t e r a t u r e on the chemical constitution of glasses i s reviewed 
b r i e f l y (section 2.4) and that on the physical and chemical structure of 
glass surfaces more f u l l y (section 2.5), The practical results of many 
workers who have measured the adsorption of water vapour on glass are 
discussed i n section 2,6 and the important chemical reactions are noted 
i n section 2.7, F i n a l l y , section 2.8 reviews the results obtained by. 
workers who have measiired the surface conductivity of glass i n atmospheres 
of high water vapour pressure. 
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2.1 The Process of Physical Adsorption 
Water vapour molecules may combine with a sol i d material by the 
processes of absorption and adsorption. The 'free' surface of a solid 
usually has excess energy available because molecules i n the outer layer 
have unbound energy on the 'free' side. The excess energy, or "surface 
free energy", attracts water vapoxir molecules to the surface. The 
capture of a vapour molecule i s a spontaneous action because i t lowers 
the surface free energy. Molecules attracted onto a solid surface are 
Raid to be "adsorbed". Molecules attracted into a porous solid are 
said to be "absorbed", although actually adsorbed on the internal 
surface. Alternatively, absorption involves the diffusion, and dissolution, 
of the vapour i n the bulk of the material. Both types of absorption are 
much slower processes than adsorption. The term "sorption" i s often used 
when both adsorption and absorption occur together. 
Hard solids generally have t i g h t l y bound molecule;?, and surface 
rearrangement to lower the energy i s s l i g h t . Soft solids, however, 
tend to be weakly bound and surface molecules may move i n order to 
minimise the surface free energy. Hard solids are, therefore, more 
l i k e l y to adsorb water vapour because i t results i n a lax'ge free energy 
decrease. 
The intermolecular forces between vapour molecules and surface 
molecules are discussed, for example, by Young and Crowell (9). When 
two atoms are adjacent , the electron space cloud of one produces a 
resonant movement i n the other. The resultant force i s attractive and 
i s called a dispersion force. I f the atoms move closer together, a 
repulsive force i s set up due to the l i n k i n g of the electron clotids. 
Thus an equilibrium state may be reached i n which an adsorbed molecule 
remains attached to the surface molecules. The nature of the bond i s 
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also affected by the polar characteristics of the molecules. I f both 
the vapour and the so l i d siirface molecules are polar, an electrostatic 
a t t r a c t i o n w i l l exist i n addition to the dispersion forces and hence a 
very strong bond i s formed. One such bond i s the 'Hydrogen Bond' which 
i s especially important i n the water-glass system. The hydrogen 
atoms of the water dipole axe attracted to negative surface ions 
such as inorganic oxides and especially OH" ions, (The chemical action 
of water on glass produces NaOH, whilst the basic constituents of glass 
are oxides). 
I n addition to the physical forces which may exist between molecules, 
chemical action can occur between certain groups, 'Ghemisorption' takes 
place when a chemical bond i s formed between the adsorbent and adsorbate. 
This involves electron sharing or displacement and consequently the 
formation of a new substance, Gregg (10) points out that i t i s often 
very d i f f i c u l t to completely distinguish between cheraisorption and 
physical adsorption, however chemisorption i s restricted to a singular 
molecular layer and generally i s a slower rate process than physical 
adsorption. Furthermore, chemisorption i s often an irre v e r s i b l e process. 
I n the water vapour-glass system both physical adsorption and cheraisorp-
t i o n taice place. 
Comprehensive reviews of adsorption processes are given by Gregg (10), 
Gregg and Sing (11) and Yoimg and Crowell (9). Specialised topics 
are discussed i n the papers edited by Flood (12). 
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2.2 Adsorption Isotherms 
Quantitative adsorption data i s usually expressed by an adsorption 
isotherm. The ordinates are the amount of vapour adsorbed, whilst the 
abscissae are the r e l a t i v e vapour pressure. The data i s taken at constant 
temperature. The curve must pass through the o r i g i n because t h i s represents 
•aero vapour adsorbed' at 'zero vapour pressure'. The maximum re l a t i v e 
pressure of P/Po == 1.0 corresponds to the saturation vapour pressure. 
I f there i s no chemical reaction, each point on the isotherm i s a time 
invariant equilibrium state, 
Brunauer, Deming, Deming and Teller have classified adsorption 
isotherms into f i v e types. Gregg (10), f o r example, has discussed the 
characteristics of the f i v e isotherms. Fig. 1 shows types 11 and IV 
which are common with water vapour adsorption. Experimental studies 
(see section 2.6) show that at r e l a t i v e pressures less than about 0,25 
the adsorbed vapour consists of a p a r t i a l l y completed layer of mono-
molecular thickness. As the r e l a t i v e pressure approaches sat\a?ation, 
a multimolecular layer i s formed which may take either of two characteris-
t i c s at saturation, dependent upon the stirface free energy. The curve 
may pass through the saturation pressure with a f i n i t e amoxint adsorbed, 
or the amount adsorbed may increase asymptotically as saturation i s 
approached. 
With porous solids, c a p i l l i a r y condensation may occur at high 
r e l a t i v e pressures. This e f f e c t i s discussed more f u l l y i n Chapter 4. 
One characteristic of c a p i l l i a r y condensation is the occurrence of ad-
sorption hysteresis. Pig. 2 shows an adsorption isotherm which exhibits 
hysteresis. The greater amount of adsorbed vapour found when lowering 
the pressure can be explained i n terms of the l i q u i d trapped i n the 
pores, and i s i n eo[uilibri'um with the system due to the Kelvin Effect, 
discussed i n Chapter J, 
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2.3 The Development of Adsorption Equations 
Several theories have been developed to account for adsorption. The 
diverse nature of surface structures and properties,and the complex 
xntermolecular forces at surfaces, has stopped the development of a 
general theory which would f i t any adsorbent/adSorbat<S combination. 
However, certain theories based upon simple, ideal systems have yielded 
results which compare favourably with experimental results. 
Young and Crowell' (9) have traced the development of adsorption 
theories. The early work of Polanyi in I914 and Laiigmuir in I916 was 
based upon the formation of a raonomoleoular layer. In 1938 Brunauer, 
Eimnett and Teller extended the work of; Langmuir and developed an equation 
for multilayer adsorption. Their result i s generally refered to as the 
BET equation. The equation i s derived from a model which asB^ imes that 
at any given pressure the molecules are arranged one above another and 
influenced only in a vertical direction at each si t e . The equilibrium 
state i s considered to consist of eqxial evaporation and condensation rates 
given by the kinetic theory of gases. Despite making a number of simpli-
fying assumptions, the BET equation will f i t many type I I isotherms by 
choosing a single suitable constant, usually by empirical methods. 
The simple BET equation suggests ah infinite adsorbed layer at 
saturation. The equation i s easily modified to yield a finite adsorption 
at saturation, and again retains simplicity by requiring only two constants. 
The BET equation has been extended in usage by considering the previously 
neglected assumptions, and with certain refinements i t ma.y describe 
most isotherms. 
The system in the present work consists of polar adsorbent and 
adsorbate. Young and Crowell (9) have discussed the polarisation theories 
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of adsorption,and although the underlying assumptions of earlier work 
are believed untenable, the form of the equation i s shown to f i t much 
data. The general form of the equation i s :-
i n / r , (p/Po) = n. k K; t i„ Kl . ( i ) 
Where 'n' i s the number of adsorbed layers and K, and Xi are constants. 
Bradley (13) derived t h i s equation. 
No f u l l y acceptable theory has been found which describes polar 
adsorption, nor has i t been found possible to completely account fo r 
c a p i l l i a r y condensation effects on the type IV isotherm. Nevertheless, 
Wylie (43) has the o r e t i c a l l y demonstrated hysteresis effects on certain 
surface defects, and the present work examines the role of c a p i l l i a r y 
condensation as saturation i s reached. 
The adsorption of water on a glass surface i s of primary interest 
i n the present work. Before reviewing published adsorption isotherms 
f o r glass i t i s necessary to consider b r i e f l y : the physical Structure 
of glass surfaces. 
2.4 The Composition of Glass 
The 'glasslike state' i s defined by Holland (14) as a solid with 
the molecular disorder of a l i q u i d frozen i n i t s structure. The terra 
'glass' i s usually applied to compounds based on fused inorganic oxides 
w i t h s i l i c a as the main component. 
Glass made from pvire s i l i c a possesses many of the properties of 
an 'ideal glass' and i s resistant to chemical attack and thermal shoek. 
S i l i c a glass, however, i s used only to a limited extent because i t i s 
d i f f i c u l t to work and has a high melting point. Most commercial glasses 
contain several oxides which produce a lower melting point and make the 
glass easier to work. Approximately 90 per cent of manufacttired glass 
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i s 'soda-lime* glass, and i s used i n such applications as bottles and 
windows. 
Table 1 shows the chemical composition of 8 t y p i c a l glasses. The 
data i s given by L i t t l e t o n and Morey ( l 5 ) j Holland (14) arid i n manufacturers* 
l i t e r a t u r e . Column E describes the glass used i n the present investigation. 
2,5 The Structvire of a Glass Surface . 
A freshly formed glass surface consists of microscopic domains 
of the glass constituents such as soda or lime 0.01 to 0,1yum i n size. 
The physical and chemical structure i s largely determined by the method 
of surface preparation, Holland (14) quotes a simple example of the 
effects of 'cleaning' a s\irface. Heat treatment causes the a l k a l i 
components to diffuse to the surface or evaporate. Chemical 'cleaning' 
may sfelectively remove components from the svirface or may deposit the 
products of reactions. Acid cleaning leaches out the basic oxides and 
leaves a s i l i c a r i c h layer at the surface. The Surface becomes porous 
due to the dissolved domains. 
Most glass i s formed by blowing to the required shape i n a steel 
mould or i s produced i n pllates by the ' f l o a t ' process. The l a t t e r method 
involves poiiring the molten glass onto the surface of a bath of molten 
t i n . Glasses, such as opt i c a l glass, are often ground and polished to 
produce the f i n a l surface, f i n i s h . Holland (14) discusses the grinding 
and polishing methods and i t i s useful to compare the surface properties 
with those produced by a 'natural forming' process. 
The physical effects of polishing are to chip parts of the rough 
surface and move some chips into surface cracks. Chemical action accom-
panies certain polishing methods and i t has been shown that oxides may 
be dissolved out of the glass during polishing. The polish i s deposited 
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i n cracks and over much of the surface to a depth of O.O^ m to O.^m. 
The p i t s and scratches remaining a f t e r careful polishing are generally 
from Q.oyum to O.^m. Acid attack i s shown to be greater on a polished 
surface and i s believed to dissolve the debris out of cracks. 
Tichane and Carrier ( l 6 ) have studied the microstructure of a 
soda-lime glass surface during various cleanittg processes. The glass 
was manufactured by a drawing process dir e c t l y from the melt and was 
not polished. The freshly fractiired glass was shown to consist of 
domains 0,01/(m i n size. Weathered glass contained much larger domains 
up to O.l^m whilst glass washed i n water had domains between these 
l i m i t s . The various cleaning agents produced a range of surfaces with 
domains fromC^m to O.O^m. Unfortunately the study did not include 
an analysis of thenhemical nature of the surface to show which components 
were affected by the cleaning. 
The recent work of Trap (17) has reviewed many of the factors 
a f f e c t i n g the stirface structtire of glasses. The thermal treatment dui'ing 
manufacture i s believed to have a considerable effect on the surface 
arrangement of molecules. The surface i s shown to contain a much greater 
quantity of the constituent oxides than the bulk^ and the surface oxides 
group to form structural u n i t s . The polarisation characteristics of 
the constituent oxides determine; the i n c l i n a t i o n to move to the surface. 
Sodium and Potassium are most l i k e l y to move to the surface, but calcium 
and metallic oxides are much less influenced. 
Clearly the physical shape of a glass surface depends upon chemidal 
action and surface preparation. The p r o f i l e of the sxxrface determines 
the i n i t i a l stages of adsorption and condensation. F'urthermore, 
adsorbed water w i l l be l i k e l y to react with the surface and a l t e r i t s 
shape and constitution during adsorptiph. 
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?.6 A Review of Kxperimental Work on the Adsorption of Water Vapour 
on Glass 
There are two fundamental methods of measiirihg the amoimt of 
water vapour adsorbed on a glass surface, . F i r s t l y , gravimetric i n which 
the glass i s weighed i n atmospheres of d i f f e r e n t vapour pressures. 
Thus the mass of adsorbed water i s given d i r e c t l y by the mass change. 
Secondly, volumetric techniques i n which a measured volume of vapour, 
at a given pressure, i s admitted to a glass vessel of known surface 
area, and when equilibrium i s reached the new vapour pressure i s noted. 
The adsorbed volume may be calculated ffomihe pressure and volume 
data. ' ,' 
Many variations of the above methods .are diescribed i n the l i t e r a t u r e 
together with indirect methods which are calibrated against the basic 
techniques. One other method Which gives a^ direct measux'^ ment of the 
adsorbed vapour i s to detect the layer thickness by an optical system. 
The e l l i p t l c i t y of reflected polarised l i g h t ftfom a surface has been 
shown by a nximber of workers to r e l a t e to the adsorbed layer thickness. 
The indirect methods have included capacitance measurements through the 
bulk of the f i l m , infra-red absorption by the f i l m , NMli techniques and 
chemical analysis. 
Prazer (18) i n I929 used the l i g h t polarisation technique to obtain 
adsorption isotherms. He claims an error of less than 0.3nm (the 
diameter of a water molecule i s approximately 0.26hra). Plate glass 
(soda-lime s i l i c a t e ) was used and prepared by starting a crack and 
steadily p u l l i n g to reveal a new surface. The ^lass was kept i n a vacuum, 
system and water was introduced to provide each required vapour pressiire. 
Fig. 3 shows Frazer's results. At r e l a t i v e pressures below 0.3 there was 
no detectable adsorption, however Fra^ier notes that a "probable monolayer".. 
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would defy accurate d e t e c t i o n by h i s apparatus. When the r e l a t i v e 
pressure was increased t o 0.7, the formation and growth of a second la y e r 
was observed. Above t h i s pressure there was a rapi d increase i n layer 
thickness which reached 2.4nm (approx. 10 l a y e r s ) a t the highest recorded 
r e l a t i v e pressure o f 0.9. 
Derjaguin and Z o r i n (19) i n 1957 used a l i g h t p o l a r i s a t i o n technique 
s i m i l a r t o Frazer's t o study adsorption a t r e l a t i v e pressures near 
s a t u r a t i o n . The glass, of uns p e c i f i e d type, was washed i n alcohol and 
cleaned i n a glow discharge. F i g . 4 shows Derjaguin's r e s u l t s , and i t 
i s noted t h a t multimolecular adsorption was not detected u n t i l a r e l a t i v e 
pressure of 0.95. The lay e r thickness increased such t h a t i t had a 
thickness of Tnm at saturationfP/Po •= 1). As condensation set i n , dew 
droplets were observed on the surface. The plane adsorbed l a y e r was 
observed t o c o - e x i s t w i t h the d r o p l e t s , however the layer remained at 
constant depth w h i l s t the droplets grew. Berjaguin suggests t h a t t h i s 
i s due to the f a c t t h a t f u r t h e r thickness of the plane layer,"would 
increase i t s thermodynamic p o t e n t i a l above that of the d r o p l e t s , and 
r e s u l t i n the t r a n s p o r t of excess water to the drops." 
Derjaguin s t a t e s t h a t the surface was a polished plane glass p l a t e 
w i t h a ground f l a t surface. The study o f glass p o l i s h i n g techniques 
made by Holland (l4)suggests t h a t even the best methods leave a p o l i s h 
l a y e r of O.O^m where the glass surface has a modified chemical s t r u c t u r e . 
S i m i l a r l y , scratch marks are found of O.O5 t o O.l/^ m depth. I t i s f e l t , 
t h e r e f o r e , t h a t the m i c r o s t r u c t u r e of the surface used by D e r j a g u i n i s 
not t r u f s l y plane and the composition i s uncertain. These f a c t o r s are 
expected t o i n f l u e n c e the adsorption process. Doubts about the v a l i d i t y 
f Derjaguins r e s u l t s are also expressed by Davies (20). 
Mc H a f f i e and Lenher (21) i n 1925 used a constant volume, pres9\ire 
o 
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change method to study water vapour adsorption on the inner surface of 
a glass vessel. .Fig, 5 shows t h e i r experimental r e s u l t s as expressed 
by ^ager and Morgan (22). The glass, a s o f t Ihiroglass, was prepared, 
by washing i n chromic a c i d , followed by fuming n i t r i c acid and then 
repeated washing w i t h d i s t i l l e d water, Holland (14) shows t h a t t h i s 
process leaches the surface and produces a microporous region of large 
surface area. The chemical natxtre of the surface i s also modified by 
such a treatment. Thus the t r u e number of layers adsorbed w i l l be less 
than shown, and c a p i l l i a r y condensation may be present. 
Garbatski and Folman (25) i n 1956 used a capacitance method of 
measuring water vapour adsorption on glass. Their capacitor consisted 
of a sandwich of two separated microscope cover glasses w i t h brass 
electrode plates cemented on each outer surface. The d i e l e c t r i c system 
consisted of cement + glass + adsorbate + vapour + adsorbate + glass + 
cement. The change i n adsorbate thickness was thus given by the capa-
citance change. The glass was cleaned i n detergent s o l u t i o n and d i l u t e 
n i t r i c acid and f i n a l l y r i n s e d f o r hours i n d i s t i l l e d water. The required 
r e l a t i v e pressure was obtained from s o l u t i o n s of known concentration 
and vapottr pressixre. KCl s o l u t i o n s were used between P/Po -•• 0.86 t o 
0.98. Mannitol s o l u t i o n s were used between P/Po = 0.985 t o O.9976. 
The t r u e surface area was considered t o be between 5 an<3 5 times the l i n e a r 
area, and the lack of observed c a p i l l i a r y condensation was used as evidence 
to suggest t h a t the area could not be greater than t h i s . F i g . 6 shows 
the adsorption isotherm f o r t h i s work. The data has been compared w i t h 
Bradley's derived formula f o r the p o l a r i s a t i o n theory of adsorption, 
and a good agreement was reached. The form of the equation was 
In (|n(p/a) - K;)- n.l. K; + L (2) 
2 0 . 
Garbatskl and Folman chose values of the three constants by empir i c a l 
means " t o give optimum f i t t o a s t r a i g h t p l o t " . 
A review o f recent l i t e r a t u r e (196O onwards) has shown t h a t there 
has been l i t t l e published data f o r water vapour adsorption on plane 
glass surfaces. The tecimiques a v a i l a b l e to study adsorption have ad-
vanced considerably, but research i n t e r e s t has centered on s i l i c a , or 
compound glasses which have been f i n e l y divided t o give a large s\irface 
area. The importance of chemisorption e f f e c t s (see section ?.7) has 
caused most researchers to chose adsorbent stirfaces of c l o s e l y conti-olled 
s t r u c t u r e and composition, 'Plane' glass surfaces, e s p e c i a l l y of m u l t i -
component glasses, have too many unknown properties t o y i e l d consistent 
r e s u l t s . 
Adsorption on the plane surface of a quartz c r y s t a l ( c r y s t a l l i n e 
PiOi) has been studied by 'piezogravimetric' methods. Slutsky and 
Wade (24) i n I962 showed how an o s c i l l a t i n g quartz c r y s t a l changes 
frequency w h i l s t vapour i s adsorbed on one surface, A measurement of 
10" g.cm"' i s e a s i l y a v a i l a b l e and King (25) suggests a dete c t i o n l i m i t 
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of 10 gi'am. Quaxtz sp r i n g balance techniques have been used i n many 
adsorption studies and measurement r e s o l u t i o n was generally 10"^ t o 
10~^^ gram. Quartz s p r i n g methods have o f t e n used adsorbents witVi a 
large surface area t o o b t a i n s u f f i c i e n t s e n s i t i v i t y . The piezogravi-
metric method, however, i s s e n s i t i v e enough to measure adsorption on a 
small c r y s t a l w i t h a ' r e a l ' area close t o the ' l i n e a r ' area. Khan (26) 
i n 1972 has published an adsorption isotherm f o r water vapour on quartz. 
His r e s u l t s cover the range P/Po O.O5I to 0.725 and are shown i n 
P i g 7. The isotherm i s type I I w i t h a monolayer completion at P/Po=0.5 
The r a t i o between ' r e a l ' and ' l i n e a r ' area was calculated to be 1,8 to 1. 
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Morariu and M i l l s (27) i n 1972 have studied the adsorption of 
water vapour on s i l i c a of high surface area. Nuclear Magnetic Resonance, 
NJrlR, and D i f f e r e n t i a l Thermal Analysis, DTA, were used t o study adsorption 
on s i l i c a s of d i f f e r e n t surface a c i d i t y . The s i l i c a used was microporous 
and i t was suggested t h a t the pore neck diameter was decreased by acid 
treatment. The isotherms were shown t o be type I I and showed hysteresis 
e f f e c t s due t o the pores. Most experimental work on adsorption on 
s i l i c a involves measuring the t r u e stirface area by monolayer adsorption 
of n i t r o g e n . The area of a n i t r o g e n molecule i s 16,2 1 ^ compared w i t h 
0-2 
10.7 A f o r a water molecule, Morariu and M i l l s suggest t h a t water 
molecules can enter pores which are not accessible to ni t r o g e n molecules, 
and t h i s may introduce e r r o r s i n i n t e r p r e t i n g r e s u l t s . 
The recent trends i n water vapo\ir adsorption studies on s i l i c a 
based m a t e r i a l s are p l a c i n g a large emphasis on the t r u e chemical nature 
of the surface. Garruthers e t a l ( 2 8 ) , f o r example, have reported many 
d i f f e r e n t mechanisms involved i n the water/solid i n t e r a c t i o n during 
adsorption. 
2.7 The Chemical Action of Y/ater on Glass 
The m o d i f i c a t i o n of a glass surface by condensed water i s observed 
i n the present work. A l i t e r a t t i r e review of previous studies of chemical 
a t t a c k has been undertaken t o f i n d ( I ) Which glasses are susceptible to 
water at t a c k , ( 2 ) The r a t e of r e a c t i o n , ( 3 ) The change i n chemical s t r u c t u r e 
of the surface, (4 ) The change i n physical s t r u c t u r e of the surface. 
Taylor and Smith (29) i n 1956 studied the d i s s o l u t i o n of a l k a l i from 
various glasses. Tests were made w i t h a c i d i c , n e u t r a l (water), and 
a l k a l i n e solvents. The r a t e of r e a c t i o n was noted at temperatures 
between 25^0 and 90°C, and both powdered and pl a t e glass samples were 
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used. The t e s t s determined the weight l o s s of the glass and the a l k a l i n i t y 
increase of the solvent. Soda, NajO, was shown to be the main sourc« 
of chemical r e a c t i o n , and soda-lime glasses were, t h e r e f o r e , the most 
soluble. A t y p i c a l r e s u l t showed t h a t 0,G032gm of Ka20 was rewoved from 
7 X lO^cm^ surface area of soda-lime glass a f t e r 4 hours at 25°C. 
IHarthemiore, the t e s t a showed t h a t 85^ 5 of the weight loss had occured 
a f t e r one hour. (For the present work i t i s u s e f u l to c a l c u l a t e t h a t 
the surface l o s t a volume of 0.2 x lOyum per cm', and t h a t i f lO^^^"' 
of the siirface area was attacked then the depth o f penetration o f c o n i c a l 
p i t s was O.O^m.) 
Tvio types of soda-lime glass were studied by Taylor and Smith. 
The r e s u l t quoted above i s f o r a soda-lime glass w i t h a composition 
very close t o t h a t of the microscope cover s l i p s used i n the present 
experimental work. The second soda-lime glass had a much smaller lime, 
GaO, content and a s l i g h t l y higher soda, Na20, content. Tl:ie weight 
loss f o r t h i s glass was twice t h a t of the one quoted above, and Holland 
(14) suggests t h a t the CaO content modifies the Na20 r e a c t i o n w i t h water. 
Charles (30) i n 1958 made a study of water c o r r o s i o n of soda-lime 
glass to show how surface leaching modified the f r a c t u r e mechanism. 
He l i s t s f i v e main features of the a t t a c k process:-
" ( l ) A cceleration of the c o r r o s i o n process i s o f t e n observed. ( 2 ) The 
c o r r o s i o n products, formed by hydrothermal reactions, o f t e n contain 
c r y s t a l l i n e quartz, hydroxis a l k a l i s i l i c a t e s , s i l i c a g e l , and other 
c r y s t a l l i n e forms o f s i l i c a t h a t have been d i f f i c u l t to i d e n t i f y . 
( 3 ) The corroded m a t e r i a l g e n e r a l l y loses i t s coherency and decrepitates 
by e x f o l i a t i o n of l a y e r s or by a blockwise d i s i n t e g r a t i o n , (4) The 
boundary between the corroded and \mcorroded mate r i a l i s generally sharp, 
( 5 ) A l a r g e expansion i n volume of the corroded m a t e r i a l accompanies the 
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r e a c t i o n w i t h water." The above features are dependent upon the glass 
composition, the temperature and d u r a t i o n of the r e a c t i o n . 
Charles' experimental work shows t h a t the r a t e of corrosion i s much 
greater i n steam than i n l i q u i d water at the same temperature. The 
reason f o r t h i s e.ffect was believed to be that bulk water d i l u t e s the 
increasing a l k a l i n i t y caused by corrosion products. ITie steam phase, 
however, allows the water on the surface t o be i n a small volume and 
hence high a l k a l i n e content. 
Pure s i l i c a i s not attacked by water at temperatures up to 300°C. 
Charles, however, shows t h a t the i n c l u s i o n of sodium molecules at the 
termin a l ends of the s i l i c a s t r u c t u r e enables a chain reaiction t o proceed 
•when water, g e n e r a l l y at over 100°C, i s on the glass surface. At lower 
temperatures the primary r e a c t i o n between water and the soda-lime glass 
is shown to be Na^ i o n d i f f u s i o n . 
The primary i n t e r e s t of Charles' work was the r a t e of crack or flaw 
growth due to the leaching process. Thin glass rods were supported at 
one end and h e a v i l y loaded at the other end. The surrotmding atmosphere 
was c o n t r o l l e d at a range of temperatures from -50°C to +150^C, and at 
r e l a t i v e h u m i d i t i e s between 50^ 0 and s a t u r a t i o n . The experiment indicated 
the time taken f o r each rod to break. A t j r p i c a l r e s u l t showed th a t 
glass i n a saturated atmosphere at 24 °C took an average of I6 minutes 
to f a i l , a l t h o u g h the range of r e s u l t s l a y between I . 5 minutes and 100 
minutes. The depth of flaws at the i n s t a n t of breaking was shown t o be 
mostly between O.5 and O.Q/*m, 
The recent work of Carmthers et a l (28) i n 1971 bas shown evidence 
t h a t many processes simiilteuieously take place during water s o r p t i o n 
on glass. Carruthers notes:~ 
" ( 1 ) Hydi-ogen bonding between water molecules and surface hydroxyl 
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groups ( i o n s ) . (2) Surface hydration of exposed surface cations by 
water molecules. (3) n i a n o c i a t i v e chemisorption, e.g., hydroxylation 
of a i l i c a . (4) Hydration i n depth of poorly ordered cations e.g., 
Cr or Al , o r i g i n a l l y solvated and not f u l l y coordinated i n the 
oxide s t r u c t u r e . (5) Hydroxide or oxide-hydroxide formation i n depth." 
Holland (14) has reviewed the l i t e r a t u r e , i n c l u d i n g references (29) 
and (30) above, and forms the view t h a t water on glass produces a two 
way d i f f u s i o n process. A l k a l i i s removed from the glass by the d i f f u s i o n 
of Na' ions t o the glass surface and the counter d i f f u s i o n of H^  ions 
i n t o the glass to maintain e l e c t r i c a l n e u t r a l i t y . Holland's evidence shows 
t h a t t h i s i s a r a t e process determined mainly by the d i f f u s i o n rate of 
the sodium ions. Holland also discusses the e f f e c t s of the glass c o n s t i -
tuents other than soda i n determining the water a t t a c k p r o p e r t i e s . 
The main e f f e c t of lime i s to slow down the soda/water r e a c t i o n . 
S i m i l a r l y other c o n s t i t u e n t s i n a glass tend to f i l l the gaps i n the l a t t i c e 
s t r u c t u r e of a basic s o d a - l i m e - s i l i c a t e and thus improve the surface 
s t a b i l i t y . Holland shows t h a t the s t a b i l i t y against corrosion of a soda-
lime glass eventually improves a f t e r much washing i n water, steam or 
a l k a l i . This i s due to the f a c t t h a t the solvent removes the active 
raateri.als from the glass surface and leaves behind a predominantly 
raicroporous r e g i o n of s i l i c a . 
2.8 A Review of The Surface C o n d u c t i v i t y of Cijass 
There has been a considerable q u a n t i t y of published work on the 
siirface c o n d t i c t i v i t y of i n s u l a t o r s i n general, and glass i n p a r t i c u l a r . 
TVie bulk of t h i s l i t e r a t u r e quotes the surface c o n d u c t i v i t y as a f u n c t i o n 
of the vapour pressure surrounding the surface. Most of t h i s work has 
r e s t r i c t e d the measurements to vapour press\ires below s a t u r a t i o n , although 
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a f w workers have b r i e f l y noted the e f f e c t s of a saturated vapoui-. 
The primary piirpose of the present work i s t o study the surface 
c o n d u c t i v i t y j u s t before, during, and subsequent to vapour s a t u r a t i o n 
on a glass surface. This review s e c t i o n i s , t h e r e f o r e , biased towards 
r e s u l t s obtained i n atmospheres approaching s a t u r a t i o n . The main aims 
of the review axe to examine the postulated raechanisms of conduction; to 
examine the e f f e c t s of glass composition and chemical a c t i o n on the surface 
c o n d u c t i v i t y ; and f i n a l l y to quote r e s u l t s obtained by workers using 
s i m i l a r surfaces to those studied i n the present work, 
Faraday i n 1830 showed t h a t the surface c o n d u c t i v i t y of glass 
increased due to adsorbed water. He i n f e r r e d t h a t the conduction was 
e l e c t r o l y t i c and t h a t the e l e c t r o l y t e was formed by water combining w i t h 
a l k a l i dissolved from the glass. Most experiments since t h a t time confiTTn 
Faradfiy's f i n d i n g s a.nd have q u a n t i t a t i v e l y shown how the surface resistance 
v a r i e s w i t h vapour pressure. P l o t s of the logarithm of surface resistance 
against r e l a t i v e humidity show a c h a r a c t e r i s t i c sigmoid shape which i s 
l i n e a r from approximately 25 t o 80^' R.H. P l o t s of capacitance, on a l i n e a r 
a x i s , against r e l a t i v e humidity show a s i m i l a r shape to the l o g a r i t h m i c 
resistance curve. 
Chirkov (31) and Seminov and Chirkov (32) i n 1946-7» made a close 
examination of the siirface c o n d u c t i v i t y of a number of ma t e r i a l s , t o 
discover the conductance mechanism. Their experimental procedure was to 
clean a specimen of each m a t e r i a l , place i t i n a vacuiun chamber and i n -
troduce water u n t i l the desired vapour pressure was achieved. The 
surface c o n d u c t i v i t y was measured a t each vapour presstire. The specimen 
was then covered w i t h a very small q u a n t i t y of a l k a l i , or acid, and the 
c o n d u c t i v i t y was again raeasxired over a range o f vapour pressures, 
Chirkov has shown t h a t a f r e s h glass surface decreased i n resistance 
as the vapour pressure was increased; however fresh specimens 6f quartz 
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and also various polymers showed no measurable resistance, even near 
Batur a t i o n vapour pressure, Q\iartz and polymers treated w i t h a c i d i c 
or a l k a l i n e substfuices again showed no meaa\irable resistance when dry, 
but when the vapour pressure was increased, the resistance r a p i d l y 
decreased, Chirkov concluded t h a t the c o n d u c t i v i t y on a surface i s 
p r i m a r i l y e l e c t r o l y t i c , and t h a t the two conditions f o r conduction are 
fr e e ions on the surface and adsorbed water t o act as a solvent. I t 
was also shown t h a t only a very small f r a c t i o n of the solute molecules 
became d i s s o c i a t e d . 
Le Clerc (54) i n 1954 has shown t h a t when glass i s subjected to a moist 
atmosphere the surface resistance decreases r a p i d l y during the f i r s t 
two to three hours and then slowly r i s e s over a period of up t o 2 months. 
The i n i t i a l f a l l was believed to be due to i o n i c migration from the glass to 
the water, and the subsequent process was ascribed t o water a t t a c k i n g 
the glass surface. 
Edge and O l d f i e l d (35) i n I96O made a study of the time dependence 
of the surface c o n d u c t i v i t y of various glasses which were e i t h e r untreated 
or had been leached i n water. Two processes were again shown to occur. 
I n i t i a l l y the weakly boirnd a l k a l i ions on the surface foanned a l k a l i 
hydroxide w i t h the adsorbed water vapour, and an increased e l e c t r o l y t i c 
conduction occurred. Prolonged exposure to the water vapour increased the 
amount of r e a c t i o n of the glass and thus increased the a l k a l i n i t y . The 
a l k a l i n e s o l u t i o n f u r t h e r attacked the glass, producing complex compounds, 
but the r e a c t i o n was slow and hence the resistance decreased at a slower 
r a t e . The t e a t c o n d i t i o n s were not maintained f o r a s u f f i c i e n t time 
to show i f Le Clerc's observation of a long term resistance increase 
would occur. However, the ageing process was accelerated by leaching 
the surface, and t h i s l e d to r e s u l t s s i m i l a r to those of Le Clerc. 
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Edge and O l d f i e l d have shown t h a t the resistance increased as the 
time of leaching increased. The soda-lime glass was shown to be most 
a f f e c t e d by the leaching, and the soda content had a predomin;mt e f f e c t 
on the r e s i s t a n c e . A t y p i c a l r e s u l t showed t h a t a glass surface which 
was leached d u r i n g a 5 minute period i n b o i l i n g water, increased i n surface 
r e s i s t a n c e by 1 0 ^ , A l e a c h i n g time of 30 minutes increased the resistance 
by another decade. These e f f e c t s were believed to be due to the 
removal of sodium ions from the glass surface during the leaching and 
subsequent washing. 
The method of measuring the surface r e s i s t i v i t y has been found to 
a f f e c t the 'measured' value. The passage o f d.c, causes electrode 
p o l a r i z a t i o n , and the e l e c t r o l y t i c nature of glass surface conduction 
accentuates the problem on such types as soda-lime s i l i c a t e . Salthouse 
and Mc I l h a g g e r (36) i n I963 i n v e s t i g a t e d the electrode p o l a r i s a t i o n 
e f f e c t s on glass as a fxmction of applied voltage and time of passage. 
The resistance of the glass surrounding e i t h e r electrode was shown to 
form a h i g h resistance band dependent upon i o n concentration and type. 
An a l k a l i n e surface was shown to be depleted of sodium ions a t the anode 
and t h i s r e g i o n was t h e r e f o r e h i g h r e s i s t a n c e . I t was suggested by 
Salthouse and Mc I l h a ^ g e r (37) t h a t surface resistances should be measured 
with, an a.c. e x c i t a t i o n t o reduce p o l a r i s a t i o n e f f e c t s . 
The review so f a r has shown the e l e c t r o l y t i c nature of conduction 
on glass and i n d i c a t e s t h a t many of the e a r l i e r r e s u l t s by workers 
using d.c. techniques are subject to e r r o r s . I n 1931 Small, Brooksbank 
and Thornton (6) used a d.c, measuring tehcnique t o i n v e s t i g a t e the 
surface c o n d u c t i v i t y of a glass surface, -Respite the e r r o r s involved 
i n the use o f 60 V o l t s d.c. f o r measurements, and the periods of 2 to 3 
hours between readings, the r e s u l t s o f resistance as a f u n c t i o n of vapour 
29 . 
pressure are of considerable i n t e r e s t to the present work, 
Sraail e t a l cooled a glass tube i n a chamber of c o n t r o l l e d vapour 
pressure and temperature. Thus, the vapour pressure a t the glass surface 
increased as the glass temperature f e l l , and eventually passed through 
the dew-point temperature. Pigs, 8 and 9 show Smail's r e s u l t s f o r the 
surface r e s i s t i v i t y as the temperature was reduced through the dew-point. 
Three stages were defined from the r e s u l t s on f i g , 8, I n the f i r s t 
stage Smail s t a t e s t h a t the resistance has an "asymptotic approach t o 
an i n f i n i t e l y high value" a t the dry conditions at high temperatures. 
I n the second stage,the l o g a r i t h m of the surface r e s i s t i v i t y decreased 
l i n e a r l y w i t h s-urface temperatirre. I n the t h i r d stage,the resistance 
passes through a minimum and a maximum. Smail states t h a t i n curve C, 
(shown here i n f i g . 9)» "tl^e resistance increase between the p o i n t s o f 
i n f l e c t i o n , o c c u r s at the " t r u e dew-point" and t h a t t h i s c o n d i t i o n takes 
place over 4°C, The reason f o r the i n f l e c t i o n was believed to be due 
t o a a-urface f i l m of water breaking up i n t o d r o p l e t s . However, no 
o p t i c a l observations of the surface were made during the experiments. 
Unfortunately, the r e s \ i l t s shown d i d not i n d i c a t e the vapour pressure 
and temperature i n the chamber, thus the thermodynamically determined 
dew-point i s unknown. The r e s u l t s d i d show, however, t h a t the resistance 
a t the "dew-point" was a constant, i r r e s p e c t i v e of the "dew-point" tempera-
t u r e . 
Semenov and Chirkov (32) i n 1946 have measured the surface resistance 
of v a r i o u s m a t e r i a l s as a f u n c t i o n of vapo-ur pressure. Their r e s u l t s f o r 
a mica surface show a resistance minimum a t vapour pressures j u s t below 
s a t u r a t i o n . F i g . 10 shows the surface resistance as a f u n c t i o n of 
vapour pressure f o r mica coated f i r s t l y w i t h ten molecular layers of 
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o x a l i c acid and secondly w i t h one molecular layer of the acid. The 
t h i r d curve shows the r e s u l t s f o r mica a f t e r a p r o t r a c t e d treatment by 
fuming h y d r o c h l o r i c acid. The s a t i i r a t i o n vapour pressures ( f o r piore 
water) are i n d i c a t e d on the graphs and i t i s seen t h a t i n a l l cases the 
miniraiim r esistance occtirs before s a t u r a t i o n , ( I n chapter 3 section 
5.4 of the present work i t i s shown t h a t the vapour pressure on a water 
soluble surface i s less than t h a t on an insoluble surface; i t i s possible, 
t h e r e f o r e , t h a t s a t u r a t i o n may have occu3?red on the surface at a lower pressure 
than indicated.) Seminov's work d i d not note a s i m i l a r e f f e c t on other 
types of surface under s a t t i r a t i o n c o n d i t i o n s , nor d i d i t prolong the 
s a t t i r a t i o n c o n d i t i o n s on mica t o show i f the resistance would eventually 
decrease a^ain, as fo\md by Smail. 
F i e l d (7) i n 1946 i n v e s t i g a t e d the change i n d.c. and a,c, e l e c t r i c a l 
c h a r a c t e r i s t i c s of many types of surface f o l l o w i n g step changes i n 
humidity from O/oR.H. to 10CP/S..E. and a subsequent r e t u r n to Cff<R.E. The 
apparatus consisted o f a glass desicator j a r which had the t e s t m a t e r i a l 
connected to electrodes at the top of the j a r . The base was f i l l e d 
w i t h water f o r 100?Sl.H, and s i l i c a gel f o r O^.H. The formation of a 
'deposit' was noted on some m a t e r i a l s . F i e l d found t h a t materials 
w i t h n e g l i g i b l e volume absorption decreased i n resistance by many decades 
and reached an e q u i l i b r i u m value a f t e r about 10 minutes exposure t o IOO5&.H,. 
Quartz and hydrocarbon wax surfaces showed a ininimm resistance value 
followed by a s l i g h t increase. M a t e r i a l s w i t h volume absorption a l l 
showed a minimum resistance which occxxrred a f t e r about 5 minutes exposure. 
The resistance then increased t o an e q u i l i b r i u m value, and f o r glass 
bonded mica the f i n a l value was double t h a t of the minimum. F i g , 11 
shows the resistance change w i t h time f o r glass bonded mica. The 
O^ R.H. recovery curves showed t h a t non-absorbent surfaces q u i c k l y increased 
i n r e s i s t a n c e , w h i l s t absorbent surface were much slower t o increase. 
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F i e l d ' s r e s u l t s show that a time dependent resistance minimiom 
occurs on materials, especially porous surfaces, when subjected to a high 
humidity. However, the quoted resistance values are believed to be 
unreliable due to the method of cleaning the surfaces. The specimens 
were cleaned with "grain alcohol" and then baked at 60°C. Fi e l d states 
that t h i s procedure does not completely remove " o i l films and other 
substances", but gives a surface which " w i l l e x i s t i n normal use". 
Only one specimen of each material was tested. 
Prom the preceding review i t i s seen that the surfaxse conduction on 
glass i s mainly i o n i c . Thus the soda content of a sodap-lime glass has 
a marked effect on the surface resistance. Y/hen the vapour pressure i s 
increased,the adsorbed water forms an e l e c t r o l y t i c solution with the 
free sodium ions on the surface and the resistance f a l l s . The alkaline 
solution so produced fxirther attacks the surface. The resistance, there-
fore, f a l l s quickly at f i r s t but when leaching occurs, (followed by a 
removal of ions), the resistance may r i s e . 
The l i t e r a t u r e has shown two possibl<e mechanisms which would cause 
a resistance minimum at or near the dew-point. F i r s t l y a minimum caused 
by the break up of a surface film into droplets, and secondly a minimuiB 
caused by water leaching the surface. 
The work so far has considered only a multilayer of adsorbed water 
as saturation i s approached, and Small (6) has postulated a break up of 
t h i s f i l m into droplets at the dew-point. I t i s therefore necessary to 
structure the present work towards a study of a surface during the 
vapour to l i q u i d phase change, A knowledge of the stirface state, together 
with the physical, chemical and e l e c t r i c a l effects reviewed i n the 
present chapter, i s hoped to yield a better understanding of the surface 
resistance c h a r a c t e r i s t i c s at the dew-point. 
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C H A P T E R 5 
The Condensation of Water on Plane and Curved Svirfaces 
An i n i t i a l discussion of the vapour to l i q u i d phase t r a n s i t i o n and 
n u c l e a t i o n i s followed by a discussion of the f a c t o r s which define the 
physical shape of the condensate on a surface/sections 3,1 and 5.2). 
The K e l v i n e q u a t i o n , r e l a t i n g the vapoxxr pressure adjacent to a curved 
l i q u i d surface t o the vapour pressure i n the bulk of a gas,is discussed 
i n s e c t i o n 5.3. The Raoult equation which describes the e f f e c t of soluble 
imp\arities on the condensate vapour pressure i s discussed i n section 3.4. 
The method used to c a l c u l a t e the r a t e of condensation i s o u t l i n e d 
i n s e c t i o n 3.5. This i s based on the suggestions of Wylie, Davies and 
Caw who o u t l i n e d the method but d i d not present i t i n any d e t a i l . The 
ra t e equation f o r condensation on a plane surface i s derived i n section 
5.6, and i s extended, using the K e l v i n equation, to consider condensation 
on a curved su r f a c e ( s e c t i o n 3.7). I t i s shown th a t droplets w i t h a 
radius below a c e r t a i n c r i t i c a l size ciannot grow by condensation and 
an expression i s derived, i n s e c t i o n 3*8, f o r the c r i t i c a l size as a 
f u j i c t i o n of the p h y s i c a l v a r i a b l e s . F i n a l l y section 3.9 discusses the 
p r a c t i c a l s i g n i f i c a n c e of c e r t a i n conclusions which were made from the 
r a t e equation i n s e c t i o n 3.7. 
Chapter 4 uses equations 37 and 47» describing the r a t e of condensation, 
as the basis of the model de s c r i b i n g d r o p l e t nucleation and growth on 
a surface. 
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^.1 The Water Vapour to L i q u i d Water Phase T r a n s i t i o n 
A review of the l i t e r a t i a r e concerned with the phase t r a n s i t i o n of 
vapour to l i q u i d shows two basic processes dependent upon the experimental 
system studied. The f i r s t system consists of water vapour alone, or i n an 
i n e r t gas, which i s cooled or presjurised u n t i l l i q u i d water forms, 
g e n e r a l l y i n the shape of d r o p l e t s . This process i s known as "homogeneous 
nu c l e a t i o n " , and w i l l "be discussed b r i e f l y t o show the energy b a r r i e r 
which delays a phase t r a n s i t i o n . 
The only way i n which a nucleus of the second phase may come about 
i s by the simultaneous meeting of s u f f i c i e n t molecules to form a stable 
phase. This spontaneous n u c l e a t i o n i s due t o molec\ilar density f l u c -
t u a t i o n s and i t may be shown t h a t the mininMM niimber of molecules required 
to form a stable nucleus depends upon the gas'BCT.'chaxactistics. 
Frenkel (38) and more r e c e n t l y McDonald (59 and 4 0) have reviewed 
the processes involved i n homogeneous nucleation. McDonald points out 
that thermodynamic systems tend t o assume a state of minimum Gibbs 
f r e e energy and t h a t l i q u i d water i s i n a lower energy s t a t e than the 
supersaturated vapour. The bai'rier which stops the d i r e c t t r a n s i t i o n 
to the l i q u i d phase i s due to the f a c t t h a t the l i q u i d phase can only 
form i n the shape of s p h e r i c a l drops. 
The energy t r a n s f e r i s from the bulk free energy of the vapour 
to the surface f r e e energy of the d r o p l e t . The decrease i n bulk f r e e 
energy of the vapour i s p r o p o r t i o n a l t o the mass of the vapoTir condensed, 
w h i l s t the increase of surface f r e e energy i s p r o p o r t i o n a l to the area 
of the d r o p l e t . 'JPhus the increase i s p r o p o r t i o n a l t o the d r o p l e t r a d i u s 
squared, and the decrease i s p r o p o r t i o n a l t o the radius cubed. With the 
small r a d i i involved i n the i n i t i a l t r a n s i t i o n , the squared terra must 
be l a r g e r than the cubed term as the radius increases from zero, hence 
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the energy b a r r i e r stops n u c l e a t i o n , 
McDonald shows t h a t f o r a given amount of superaatui'ation, Z, there 
e x i s t s a d r o p l e t r a d i u s , beyond which the energy b a r r i e r i s ovei*coine. 
The p r o b a b i l i t y s t a t i s t i c s of s u f f i c i e n t molecules j o i n i n g together t o 
form a d r o p l e t w i t h a radius greater than the c r i t i c a l value have been 
c a l c u l a t e d . For one centimetre cubed of water vapour, the w a i t i n g time 
w i t h Z = 2 i s 10-years, f o r Z 3 i t i s 2 x 10^* years, and f o r 
Z = 4 i t i s 0 . 2 seconds. The experimental work of A l l e n and Kassner 
(41) show t h a t Z values i n the order of 5 leai to immediate successful 
n u c l e a t i o n . 
The second basic process of l i q u i d formation from a saturated 
vapour occurs when a s o l i d , water adsorbent mate r i a l i s surrounded by 
the vapour. This process i s c a l l e d "heterogeneous nucleation" and i s 
considered i n d e t a i l because i t i s the process which brings about con-
densation i n the present experimental work. 
I n Chapter 2 i t was shown t h a t high energy s-urfaces adsorb water 
vapour and as the vapovir presstire approaches s a t i i x a t i o n the adsorbed 
l a y e r may become tens o f molecules t h i c k . Wylie (43), f o r example, shows 
t h a t t h i s adsorbed water w i l l a ct as a nucleus f o r the phase t r a n s i t i o n . 
The development of the adsorbed water nucleus i n t o a f r e e l y growing con-
densate i s shown to be a very complex s i t u a t i o n . The f i r s t t h e o r e t i c a l 
treatment of the problem was made by Volmer (42) i n 1939 who examined 
the vapour supersaturation necessary t o form a s u i t a b l e nucleus on a 
s o l i d surface. Volmer's work showed t h a t the supersaturation i s r e l a t e d 
t o the contact angle between the l i q u i d water and the s o l i d surface. 
The t h e o r e t i c a l work of Wylie (43 » 44 and 45) and Turnbull (46) show 
t h a t the phys i c a l shape o f the surface, together w i t h the contact angle 
i n f o r m a t i o n , enable the n u c l e a t i o n process t o be predicted. I n general, 
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the supersaturation necessary f o r heterogeneous n u c l e a t i o n i s only a 
few per cent above s a t u r a t i o n values, w h i l s t homogeneous n u c l e a t i o n 
requires supersaturation of many times the s a t u r a t i o n values. 
Twomey (47) has experimentally tested Volmer's p r e d i c t i o n of the 
dependence of supersaturation on the w a t e r - t o - s o l i d contact angle. He 
shows t h a t contact angles between 10*' and 80° require supersaturation 
between 29f) f o r the former angle and 150^^ f o r the l a t t e r . McCormick and 
Westwater (48) have experimentally studied the surface features which 
promote n u c l e a t i o n . Their experimental work used a surface which was 
maintained at a temperature 6°C lower than the satviration "dew-point" 
temperature. Their r e s u l t s c l e a r l y show that scratches and p i t s i n the ' 
surface are the centres i n which d r o p l e t s nucleate and grow. The regions 
between the n u c l e a t i o n centres were considered i n a c t i v e and received 
no net condensation. Their surface was low energy i . e . high contact 
angle w i t h water. 
Jakob (49) i n 1936 postulated a mechanism of d r o p l e t formation 
which d i d not i n v o l v e n u c l e a t i o n . The process was considered t o begin 
w i t h the formation of an adsorbed l a y e r which reaches a considerable 
thickness at s a t u r a t i o n c o n d i t i o n s . "Hydrodynamic i n s t a b i l i t y of the f i l m " 
was postulated to take place and the f i l m would thfen break up i n t o 
d r o p l e t s . A new f i l m would form over the exposed aj?ea. 
Experimental evidence from many workers has shown t h a t the droplets 
seen on a surface a f t e r s a t u r a t i o n were formed by nucleation. I t i s worth 
n o t i n g t h a t most studies are made on surfaces which are covered w i t h a 
monolayer of o i l y substance to decrease the surface energy. (This i s 
a p r a c t i c a l requirement f o r "dropwise" condenser systems). The e x p e r i -
mental work r e l a t i n g t o the s t a t e of the surface between the d r o p l e t s 
has, u n t i l r e c e n t l y , been unable to show whether net condensation occurs 
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i n t h i s r e g i o n , as postulated by Jakob. 
Umur and G r i f f i t h (50) used a s e n s i t i v e o p t i c a l system to examine 
surfaces d u r i n g d r o p l e t formation. The f i r s t surface studied was copper 
covered w i t h a monolayer of c u p r i c o l e a t e , and the second was gold 
p l a t e d copper. The p i t s and scratches on the surface were considered to 
have a low contact angle w i t h water, w h i l s t the 'plane' surface had a 
hig h contact angle. When the surface was cooled there was no o p t i c a l 
i n d i c a t i o n o f a ' l i q r i i d * f i l m more than a monolayer i n height. Droplets 
were seen t o form and grow w h i l s t the f i l m between them d i d not change 
from a monolayer, 'When c e r t a i n surface areas were seen t o allow the 
water t o spread, the experiment revealed t h a t subsequent c o o l i n g formed 
a l i q u i d l a y e r between the drops on t h i s area, and t h a t net condensation 
occurred. 
From the preceding review i t i a seeh t h a t a non-wettable s o l i d 
w i l l nucleate d r o p l e t s i n or on surface i r r e g u l a r i t i e s and t h a t adsorption 
does not in f l u e n c e subsequent d r o p l e t growth. A wettable or p a r t i a l l y 
wettable s o l i d w i l l again nucleate d r o p l e t s i n surface i r r e g u l a r i t i e s but 
subsequent growth w i l l i nclude d r o p l e t s or f i l m regions between the 
nucleated d r o p l e t s , 
3,2 The Spreading of L i q u i d Water on a S o l i d Surface 
The energy i n t e r a c t i o n between a s o l i d sxirfaoe, a l a y e r of adsorbed 
water, and a d r o p l e t of bulk water, must be considered when determining 
the physical shape of the d r o p l e t . The fr e e surface of a l i q u i d always 
tends t o form a shape which represents minimum f r e e energy, and t h i s 
corresponds to a shape of minimum surface area. Thus bulk l i q u i d tends 
t o form s p h e r i c a l drops because t h i s represents the minimum area t o 
volume r a t i o . 
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Adam (51 and 52 f o r example) has described the basic theory o f 
dr o p l e t equilibrium on a surface. The contact between a l i q u i d and the 
supporting s o l i d i s measured d i r e c t l y i n terms of the"contact angle" 6 . 
I f the adhesion of the l i q u i d t o the s o l i d i s equal to or greater 
than the cohesion of the l i q u i d , t h e contact angle i s zero and there i s 
complete w e t t i n g . I f the adhesion between l i q u i d and s o l i d i s less than 
the cohesion of the l i q u i d there i s a f i n i t e contact angle d. 
' I S . 1 2 
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PIG. 12 shows the energy i n t e r a c t i o n between a l i q u i d d r o p l e t and 
i t s supporting surface. Resolution of tensions y i e l d s 
Ysu + cos© = Ysv ,(3) 
Adam defines Wst as the 'work of adhesion' between l i q u i d and s o l i d ; 
and the 'work of cohesion' of the l i q u i d i s 2.)(LV . Hence i t i s shown t h a t 
WsL = (Vsv 4 - VLV)- YsL = Y L V ( I + COS G) ^^y 
Equation (3) shows how the contact angle gives a r e l a t i o n s h i p 
between the f r e e energies of the system components. 
I n p r a c t i c e , the only p r o p e r t i e s which can be r e l i a b l y measured 
are the contact angle '0', and the surface f r e e energy (surface tension) 
of l i q u i d s . Attempts t o measure the surface f r e e energy of s o l i d s have 
been reported but 'are p a r t i a l l y influenced by adsorbed water vapour, 
which i s very d i f f i c u l t to remove from the microstructure of a s o l i d . 
The contact angle has been shown to have d i f f e r e n t values f o r advancing 
and recji^'eding d r o p l e t edges. Adam (52) concludes t h a t there i s probably 
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no s i n g l e cause of t h i s h y s t e r e s i s . The most probable causes are a 
p e n e t r a t i o n of the water i n t o the micro s t r u c t u r e of a surface; a chemical 
r e a c t i o n between the l i q u i d and the sutface; or the presence of surface 
f i l m s which decrease the l i q u i d a t t r a c t i o n but are removed by contact 
w i t h the l i q u i d . I n the case of water droplets on a surface i t i s also 
possible t h a t the adsorbed water vapour surrounding the d r o p l e t s would 
have a d i f f e r e n t thickness, and hence f r e e energy, i n the d i f f e r e n t 
c o n d i t i o n s necessary f o r evaporation and condensation. 
The e f f e c t of adsorbed vapour around a droplet i s to s u b s t a n t i a l l y 
lower the surface f r e e energy XsV. Actam has continued the simple analysis 
o u t l i n e d i n equations ( 3 ) and (4) t o include the e f f e c t s of adsorbed 
water. This Einalysis i s not reviewed i n greater d e t a i l because the 
contact angle i n f o r m a t i o n required f o r . t h e present work i s measured 
d i r e c t l y under the experimental c o n d i t i o n s . 
Contact angles f o r water on various surfaces have been determined 
by many workers, A b r i e f review of t h e i r r e s u l t s i n d i c a t e a considerable 
spread i n angle measxirement f o r supposedly s i m i l a r surfaces. An example 
of t h i s u n c e r t a i n t y i s the contact angle of water on a gold stirface, 
Davies (20) has o p t i c a l l y studied the condensation of water vapour on 
gold and quotes contact angles i n the range 60° to 70°. Betnett and 
Zisraan (53) have shown t h a t gold which was subjected to a rigorous 
cleaning procedjire and then e l e c t r o n d i f f r a c t i o n examination, showed 
complete w e t t i n g when water was placed on the surface. Zisman suggest^ 
t h a t the high contact angle found by other workers was due' to contamina-
t i o n w i t h an organic f i l m which Was created during t h e i r 'cleaning' 
procedure., 
Holland (14) has reviewed the f i n d i n g s of many workers determining 
the contact angle o f water on a glass surface. The values are mostly 
less than 30° and depend upon the method of cleaning the glass^ C a r e f u l l y 
cleaned soda-lime glass i s g e n e r a l l y shown to e x h i b i t complete w e t t i n g . 
S h a f r i n and Zisman (54) have also studied soda-lime glass and found 
complete w e t t i n g . Contact angles measured i n the present work range from 
complete w e t t i n g to 20°. 
3.5 The K e l v i n Equation 
One of the most s i g n i f i c a n t f a c t o r s a f f e c t i n g the formation and 
subsequent growth of a l i q u i d d r o p l e t on a surface i s the r a t i o of the 
vapour pressure over a ctirved i n t e r f a c e to the s a t u r a t i o n vapour pressure 
over a plane i n t e r f a c e . I n I 8 7 I Lord K e l v i n developed an equation which 
gives the r e l a t i o n between the vapour pressure j u s t outside a droplet 
and the s a t u r a t i o n vapour pressure over a plane surface of the same 
l i q u i d a t the same temperature. The p r a c t i c a l s i g n i f i c a n c e of t h i s 
equation i s t h a t to maintain the convex i n t e r f a c e of a dr o p l e t i n eq u i l i -
b r i a w i t h i t s vapour, the vapour must be supersaturated. Whereas a 
concave i n t e r f a c e between l i q u i d and vapour w i l l reach equILibriuffl w i t h the 
vapour below i t s s a t u r a t i o n pressure over a plane i n t e r f a c e . 
The K e l v i n equation i s u s u a l l y derived by one of two methods, 
^ ' i r s t l y by considering the f o r c e s on the meniscus of a l i q u i d i n a 
c a p i l l a r y tube. Secondly by thermodynamics, vhete the surface f r e e 
energy of a dr o p l e t i s c a l c u l a t e d w h i l s t i t receives a small increment 
from the surrounding vapour. Derivations by each of these methods are 
shown, f o r example, by Harrison (55). 
The exact form of the equation i s 
; = 2. M. V 
Pw R . T . ^ o . n ......(5) 
WHER! 
Fr (s the vopour pressure j"st 6utsl«le a elfoplet of radius Tc and in 
&(^u\\irrium wifli file droplet surfoce . 
Fw is Ue saturation vaj^our jsressure over Q |5lane hc^uid surface, 
y is tlie surface tension. 
M is i\)e l'i<|^ L(icl moleculor weight. 
R is the Universal gos constant. 
T is the li< i^/ifci temperature. 
^ is the lli^uict olensitt|. 
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Kelvin's o r i g i n a l equation i s the 'approximate' or ' l i n e a r ' form 
Pr - a / I - 2 M. Y A . . . . . .(6) 
I R . I y O . n / 
Lisgaxten e t a l (57) have reviewed these equations and experimentally 
shown equation (5) t o be the best f i t f o r t h e i r data. A s i g n i f i c a n t 
d i f f e r e n c e between equations (5) and (6) i s only present f o r surface 
r a d i i of l e s s than 50nm. 
For a concave i n t e r f a c e the exponent i s taken as negative and the 
radius considered p o s i t i v e . Table (2) shows the r a t i o of Pr/Pw f o r 
d i f f e r e n t r a d i i , , a t a temperature of 300°K and pure water d r o p l e t s . 
Vc (nm) Pr/ P. 
1 0 0 0 I ' O O l 
100 I - O N 
10 I ' l l 1 
5 I-234 
2 
1 2-86 
T A B L E (2) 
Pr/Pw PREDICTED By 
T H E KELVIN iQui\rm(s) 
As a comparison, the diameter o f a water molecule i s approximately 
0.26nra. 
3.4 The Raoult Equation 
l a t e r soluble molecules on a surface xindergoing condensation w i l l 
tend to lower the e f f e c t i v e vapour pressure of the condensed d r o p l e t s . 
Raoult's Law i s used to p r e d i c t the e f f e c t of soluble molecules on the 
t o t a l pressure, but i t i s worth n o t i n g (Moore (58)) t h a t i t i s only a good 
approximation w i t h c e r t a i n s o l u t i o n s . The Raoult Law states t h a t the 
p a r t i a l vapoiir presstire of the solvent, at a given temperature T, 
decreases i n p r o p o r t i o n to the mole f r a c t i o n of the s o l u t e . 
Following the n o t a t i o n used by Harrison (56); 
For each component Pi ~ Xi . Pol ,,,,,(7) 
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From Raoult's Law 
h I? 
^ = X Pi = 1 Xi .Po i .....(8) 
Where P i s the actual t o t a l vapour pressure at a temperature T of 
a l i q u i d c o n s i s t i n g of k components. 
'Pi* i s the p a r t i a l pressure y i e l d e d by component ' i ' i n the mixture 
'Pox i s the s a t u r a t i o n vapour pressure of the pure component ' i ' 
a t temperature T 
'Xi i s the mole f r a c t i o n of component ' i ' 
Thus dissolved matter i n water d r o p l e t s causes a r e d u c t i o n of the , 
water vapour pressure by an amount d i r e c t l y p r o p o r t i o n a l t o the molecular 
concentration o f the s o l u t e . 
}.5 The Rate of Water Vapotur Condensation 
The. preceding sections have shoi«rn some of the factors'which influence 
the f o r m a t i o n of a condensed water phase. The f o l l o w i n g two sections 
are intended t o derive equations f o r the r a t e of condensation onto an 
already formed l i q u i d deposit. 
The condensation process to be described i s broiight about by c o o l i n g 
the a c t i v e surface below the temperature corresponding t o vapour s a t u r a t i o n . 
A c a r r i e r gas containing water vapour of defined s a t u r a t i o n vapour 
pressure and temperature i s considered t o pass over a laminar h o r i z o n t a l 
surface subcooled by a known amount. An expression i s derived f i r s t l y 
f o r the r a t e of condensation of vapour onto a plane water surface, and 
secondly the r a t e of condensation onto the curved surface of a small 
water d r o p l e t . 
The s a t u r a t i o n vapour pressure of water at O^ G i s 610.75 Pascals 
w h i l s t the t o t a l 'atmospheric' pressizre of the c a r r i e r gas i s 1.01 x 10^ 
Pascals. The p a r t i a l vapour pressure i s thus approximately 0.6^ o f the 
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t o t a l pressure. A r e l a t i o n s h i p i s obtsiined f o r the heat t r a n s f e r from 
the c a r r i e r gas i g n o r i n g the e f f e c t o f the water vapour. This d e r i v a t i o n 
i s taken d i r e c t l y from the work o f Eckert (59). The conversion t o a 
mass t r a n s f e r c o e f f i c i e n t i s based upon the method described by Wylie, 
Bavies and Caw (3), F i n a l l y , the Clauslus CIapeyron equation i s used to 
convert from a pressure " d r i v i n g p o t e n t i a l " , i n the r a t e equation, t o 
a temperatvire " d r i v i n g p o t e n t i a l " . 
3.6 The Rate of Condensation on a Plane L i q u i d Surface 
The heat t r a n s f e r c o e f f i c i e n t f o r gas f l o w i n g over a surface has been 
described by Eckert (59). An abridged form o f Eckert's proof i s shown 
below because intermediate sections of the d e r i v a t i o n are required a t 
a l a t e r stage i n the present work. 
The v e l o c i t y and temperature gradients above the surface are shown i n 
f i g . (15) 
TEMP, Pflt>Fii.e 
Aeove X 
'^^'i i _,V£LO£ITy PftOFItC 
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Tw 
(5uRFAce TEMP, = Tw) 
Ta 
SURFACE 
- I G . ( I 3 ) TEMPER>^TI/RE AND VELOCIT/ OF 6 f l s FLOWIN/G ACROSS Sui^FftCE 
The gas-flow has a f r e e stream v e l o c i t y ' U s , and a bulk temperatvire'la*. 
The gas v e l o c i t y beneath the boundary l a y e r , shown i n ( a ) , has a p r o f i l e , 
shown i n ( b ) , which i s Us a t the botmdary edge arid zero at the s\irface. 
The temperatxire boundary l a y e r begins a t a distance Xo* from 
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the leading edge of the surface, and has a p r o f i l e , shown i n ( b ) , which 
v a r i e s between I w anid lo . The v e l o c i t y and temperature bound airy l a y e r 
heights a t X are S and r e s p e c t i v e l y , t'w i s the shear s t r e s s at 
the w a l l . ' , 
Eckert assumes the v e l o c i t y p r o f i l e to be represented by:-
Ux = Q + + + i f ......(^) 
And the temperature p r o f i l e of the form. 
AT = (Tx - Tl.) ^  a'> b 'j,;. c Y + d'j^' .,....(10) 
The constants are found by applying physical boundary conditions to the 
p r o f i l e s . The p r o f i l e s are then represented by! 
Us l\i ) 2 I s A ......(11) 
The v e l o c i t y p r o f i l e i s now r e l a t e d t o the shear stress at the w a l l by 
the i n t e g r a l equation of motion, derived by Eckert as 
Where yOj i s the gas density. 
S u b s t i t u t i o n of (1I) i n t o (l5) y i e l d s ......(14) 
Now the shear stress at the wall,Tw = ^  ^ cL^* } ......(15) 
Where^U i s the c o e f f i c i e n t of molecular v i s c o s i t y of the gas. 
S u b s t i t u t i o n of ( I I ) i n t o (15) and equating t h i s w i t h (14) 
C 2- 2 8 0. X . M 
^^ ^^ ^ ^ - " I T U ^ 
t U s % - _ t i A ± _ 
X - Rex"V ......(16) 
Where Rex i s the Reynolds Number » /On . U& . x 
The r a t e of heat energy flow per u n i t area, » at X i s obtained from 
the temperature p r o f i l e equation (l2), and the conduction equation:-
46. 
Where 'k i s the thermal c o n d u c t i v i t y of the gaa* Rogers and Mayhew (60), 
f o r example, show tha t 
2 ST . . . . . . ( 1 7 ) 
and t h i s equation requires a value f o r ST before a s o l u t i o n 6an be obtained, 
ST i s r e l a t e d t o Uy ^ - ^ (using ^^ogeirs'- n o t a t i o n ) 
Thus r - -z;;-^^^;-^ ......(18) 
From equations (17) and ( l 6 ) . 
Now, Rogers and Mayhew (60) show VixaX 0 a , — TIT 
^ (1.075. Prar' 
Where Pra , the Prandtl N\Mber = Cp . jix and 
CP i s the gas ' s p e c i f i c heat', ' 
Hence Qw = - 0.332 . R , . ^ . M ^ ^ ) 
and the heat t r a n s f e r c o e f f i c i e n t , i l i s , i s defined as = — - j - ^ ' y 
Thus k = O'lll ,?r<:'\^^y:!\ '^/x ^ 
Nux= 0 O 3 2 . P r a \ Rex^^ 
Where Nux i s the Nusselt Number » . X 
I ^ r 
Now, the average value of hx over a distance X i s , hx , whei'e 
. . . , , , ( 1 9 ) 
The method of c a l c u l a t i n g the mass t r a n s f e r r a t e i s based upon an 
analogy between heat t r a n s f e r and mass t r a n s f e r . This analogy i s discussed 
by Eckert (59) and also by Kusuda ( 6 l ) . 
U n l ike the heat t r a n s f e r equation, the f o l l o w i n g development of mass 
t r a n s f e r equations does not appear d i r e c t l y i n the l i t e r a t u r e . The 
method was suggested by Wylie, Davies sutid Caw ( 3 ) , but the equations do 
not appear i n t h e i r published l i t e r a t T o r e , Wylie et a l do, however, show 
r e s u l t s c a l c u l a t e d from t h e i r equations; hence i t has been found possible 
to compare the present work w i t h t h e i r r e s u l t s . 
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A r e l a t i o n s h i p between the mass tr a n s f e r c o e f f i c i e n t , i n w , and the 
heat t r a n s f e r c o e f f i c i e n t , h x , may be obtained by considering a wet 
surface which i s a d i a b a t i c a l l y evaporating i n t o a gas stream. At equlibrium, 
where the net heat t r a n s f e r i s zero, the l a t e n t heat dissipated from the 
surface must equal the convective heat, Qc , t r a n s f e r r e d t o the surface. 
Thus Qc = moo. hfg ......(20) 
Where rOfta i s the mass t r a n s f e r r a t e to u n i t surface area. Hfj i s the 
l a t e n t heat of vapo;>!fcisation. 
Now = K x . ( T a - Tw) ......(21) 
from the previous d e r i v a t i o n s . 
An analogous mass t r a n s f e r equation may be w r i t t e n 
nOo, = rmw. ( x w - x».) ..(22) 
Where mwis the mass t r a n s f e r c o e f f i c i e n t analogous t o hx and 
(xw-Xoc) i s the mole f r a c t i o n ' d r i v i n g p o t e n t i a l ' 
analogous .to ( To - Tw ) 
Now Xw i s the mole f r a c t i o n o f water vapour i n the c a r r i e r gas 
adjac/ent t o the l i q u i d surface and f o r perfect gases 
Xw = P w / p ^ ......(25) 
And Xoo i s the mole f r a c t i o n of water Vapovir i n the bulk gas and f o r a 
pe r f e c t gas 
X o» = f«> / n , . 
/ TA ......(24) 
I n which, Fw i s the s a t u r a t i o n vapotir pressure over plane water, Ro i s 
the p a r t i a l vapour pressure i n the bulk gas and PA i s the atmospheric 
pressure. 
Equation (22) becomes 
moo = mw ( Pw - P»O)/PA ......(25) 
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S u b s t i t u t i n g (21) and (25) i n t o (20) j f i e l d s 
Which may be compared w i t h the usual fdrm of the psychrometer equation, 
- Ro = A . P A . iTc - W 
Where A i s the 'psychrometer constant'^ and usually has a value i n the 
range 6 x 10~*^ ®C"'' to 8 x 10~^ "C~^  depending upon surface geometry, and 
i s s l i g h t l y influenced by gas v e l o c i t y and temperature. I t i s discussed 
by Harrison (63). 
Thus rriw = K x / h f j . A ,,,,,,(26) 
(This r e l a t i o n s h i p appears, without d e r i v a t i o n , i n a paper by Wylie 
(62) where i t was used t o c a l c u l a t e the mass t r a n s f e r to a small c r y s t a l ) . 
I n the l i t e r a t u r e ( f o r example (59) and (61)) a second method 
has been derived to r e l a t e iTlw and Kx, This i s based upon a s i m i l a r 
d e r i v a t i o n t o the psychrometer r e l a t i o n s h i p and i s c a l l e d the 'Lewis 
Relationship'. This takes the form:-
N L - ^ • ......(27) 
rriw .yOM. CM 
i s the Lewis Number and i s very close t o 1.0 f o r moist a i r . C 
a n d a r e mean values between the f r e e stream and surface conditions 
and are d i f f i c u l t to c a l c u l a t e w i t h good accuracy. 
The psychrometer r e l a t i o n s h i p i s used i n t h i s work because data 
i s more r e a d i l y a v a i l a b l e than f o r the Lewis r e l a t i o n s h i p . 
Equation (21) shows t h a t the " d r i v i n g force" f o r mass t r a n s f e r 
may be expressed as a vapour pressure d i f f e r e n c e . I f the s a t u r a t i o n 
vapour pressxire,Fw, corresponding to the surface temperature,Tw, i s 
greater than the p a r t i a l vapour pressure,l«>, i n the c a r r i e r gas then 
net evaporation w i l l occur. I f 'Pw' i s equal to 'Ro' the " d r i v i n g 
p o t e n t i a l " i a zero and there i s no net t r a n s f e r of water vapour. I f 
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Pw i s l e s s than Poo there i s a negative pressure d i f f e r e n t i a l and 
n e t condensation occurs. 
For condensation, the mass t r a n s f e r r a t e equation i s 
nrioo = m w PJ ......(28) 
D 
A 
And from (26) t h i s may be equated to the heat t r a n s f e r 
m« = T^x . (Ro - FU) ......(29) 
hfj.A.Pft 
I n t h i s work,supersaturation i s brought about by sub-cooling the surface 
on which the l i q u i d phase fprms. The conversion between pressure d i f f -
e r e n t i a l and temperature d i f f e r e n t i a l i s made from the Clausius Clapeyron 
equation. For a vapour to l i q u i d t r a n s i t i o n the form of the equation i s 
IL = ......(30) 
J p 
The equation i s derived, f o r example, by Harrison (55). j y " •'•^  
slope of the s a t u r a t i o n vapour pressure/temperature cuirve at the defined 
5 value. 
Neglecting the volume of water compared to t h a t of the vapoxir, 
Equation (50) becomes 
J P = . / O v ......(51) 
WhereyOv, the de n s i t y of the vapour, i s s u b s t i t u t e d f o r the r e c i p r o c a l 
of the s p e c i f i c volume of the vftpour. 
T r e a t i n g the vapour on an 'id e a l gas' basis i t must obey the 
r e l a t i o n s h i p 
Ro Vv = mv . R . Ts , (52) 
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"^"^ /Ov = mv _ M. R. . . . . . . ( 3 3 ) 
' Vv " R . t ; 
i u b a t i t u t i n g (33) i n t o (31) gives 
I P = hPj. M . > . . . . . . ( 3 4 ) 
For a small pressure d i f f e r e n t i a l 
. . . . . . ( 3 5 ) 
Thus " L - X = (R> - R . ) v R . " n - . . . . . . ( 3 6 ) 
Substituting (36) into (29) gives 
^ c o z K~x . HFJ, M . R . . (TS - T W ) 
= f ^ - ( t ; - i ; > ) : . . . . . . ( 3 7 ) 
n . rA . K . I s 
For the desired rate equation, Us i s a variable, the other parameterE 
axe defined by the gas constitution, and surface dimensions, 
fix may be f u l l y expressed as 
'<3 /T—IT- : 7 — . . . . . . ( 3 8 ) = 2 . k . 0-332.. 9ri\J^~^ 
Which yields the complete expression f o r the mass transfer rate 
m«.- 0-^64-.LPr:^.M. ( T . - X . ) / — . . . . . . ( 5 5 ) 
A . P A . R . T/. X V 7 r - / U s 
This equation yields results which are similar to those of Wylie,Davies 
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and Caw ( j ) . - The only difference occiirs i n the values obtained f o r hx 
and are approximately IC^o lower. However, Wylie et al have allowed for 
s l i g h t i n i t i a l gas turbulence i n t h 6 i r equation and t h i s w i l l presxiraably 
cause the difference. 
3.7 The Rate of Condensation on a Curved Liquid Surface 
The theory so far has considered mass transfer to a plane l i q u i d 
surface. Most of the growth of the l i q u i d phase takes place on small 
droplets, however, and the precej?ding theory has been modified by the 
author i n accordance with Kelvin's Equation described i n section (5.5) . 
Fig.(14) i l l u s t r a t e s the effect of interface curvaturie on the "driving 
potential" for condensation rate. 
Decreo,sing Con\/ex 
PflRTIflL 
VflPOuR 
PRESSURE 
Fif i . ( I t ) VAPOUR PRESSURE CURVE FOK A CoNVfy IMTERFACE 
AB represents the Ciausius Clapeyron form of the satxurated vapour pressure 
curve over a li m i t e d , and therefore linear, region, AB i s for saturation 
with respect to a plane interface. CD represents the Ciausius Clajeyron 
form of the saturated vapour pressure curve for saturation with respect 
to a convex l i q u i d to vapour interface. 
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The e f f e c t of a concave l i q u i d to vapour interface i s to place the 
curve CD below that of ;AB. Similarly the Raoult's Law effect of soluble 
impurities i s that of lowering the effective saturation vapour pressure 
curve below that of AB for a pure l i q u i d and plane interface. The follow-
ing work w i l l consider the effective satiu-ation vapour pressure curve 
CD to be defined by the Kelvin Equation, and w i l l assume that there 
are no soluble imptirities. 
The pressure "driving potential" f o r the rate equation for a plane 
interface was defined as(Ro ~ Fw). The modified potential for a curved 
interface must therefore be (Poa - P r ) . 
By analogy to Equation (29) the mass transfer rate becomes 
m r • 
hfj.A. PA 
. . . . . . ( 4 0 ) 
where rDr i s the mass transfer rate f o r a defined radius of curvature. 
Kelvin's Equation i s [ Pr 2 M V . . . . . . . ( 4 1 ) 
Where Tw i s the interface temperature where Pr and R. are measured. 
Thus 
I R.Tw.yo.rc/ 
. . . . . . ( 4 2 ) 
And therefore 
Poo - Pw = Poo-
From which 
P r / e x p ( 2 . n . y y 
. / xR.Tw.yo.rc/. 
. . . . . . ( 4 3 ) 
P.-Pr ' Poo -Poo.exp/2.M.V U(Poo-Pw).exp/2^ri. . . . . . . ( 4 4 ) 
From equation (36) R, - P, = ( j s - T w ) . f k . M . P. 
"WfT 
Therefore - = 
Poo - P-. exp I 2m \ 4. (Ts -Tw) KKPJ 
rc 
.(45) 
Ro-Pr = B> i i - exp/2.M.v \ri-(Ti-Tw)/hfv m:\] . 
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(46) 
(This equation i s for a convex interface, for la contiave interface 
the exponent i s negative). 
Substitution of (46) into the rate equation (40) yields the desired 
rate equation with a temperature "driving potential". 
mr = hx. Ho . . . . . . ( 4 7 ) 
Which may be f u l l y expressed as:-
mr-Q-664.k.Pra'^ Ho/ZT^fTT 
\R.Tw./>.4 U . T s i 
. . . . . . ( 4 8 ) 
3.8 The Minimum Droplfet: Radius of Cuj^ature f o r Successful Nucleation 
Prom Fig. (14) i t i s seen that aus the droplet radius decreases, 
Pr tends to ftL ( f o r a defined Tw andJs). WhenR- = Pw there w i l l be no 
further growth and the droplet radius of curvature at this condition, 
r * , represents the c r i t i c a l radius at which vapour evaporation and 
vapour condensation upOn the droplet are at equal rates. 
From equation (47) the l i m i t i n g value of tc = r * may be found by 
setting the equation withi n the parentheses to zero. 
Thus expl Z.m I - (T.-Tw)[hfj . M \ 
R Ts * 
R.T^-(-Ti - ' t ) f K f j.M) 
, . . . . . ( 4 9 ) 
Therefore 
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From Which 
r * = 2 . M . Y ......(51) 
R. Jw.p {I (R.T/) - /n (R.-n^  - (T5-Tw).hfj.lir 
3.9 A Discussion of the Rate Equation f o r {jurved Liquid Surfaces. 
Equation (48) may be written:-
mr» K A.Ro./iT | i - ( e x p ( ^ ) [ i - r t - T w } . K J ) } '•••••(52) 
Where KA = 0-^4-. k. Pr«'^^ 
A . PA. X . hf, y 
K6 = 2 . M . Y 
R.^ . Tw 
K c . k . M 
And Kft i s positive for a convex water to gas interface, or negative for 
a concave water to gas interface. 
I f a gas containing water vapour of saturation vapour pressure Ro 
at a temperature I s (with respect to a plane water surface), i s passed 
over a surface at a temperature Tw, sucli that the l i q u i d water phase 
i s condensed i n the form of droplets or i n the form of water within 
surface p i t s , the following deductions may be made from equation(52). 
( i ) The mass transfer rate i s proportional to the square root of the 
gas veloc i t y . 
( i i ) For a constant droplet radius of curvatxire, the mass transfer 
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rate i s d i r e c t l y proportional to the siirface sub-cooling. 
( i i i ) -^ 'or a constant surface sub-cooling, the mass transfer rate decreases! 
with decreasing radius of curvature of droplets making a convex interface 
with the gas. 
( i v ) For a constant surface sub-cooling, the mass transfer rate increases 
with decreasing radius of curvature of water making a concave interface 
with the gas, (e.g. inside a surface p i t ) 
(v) For a surf ace temperature,T/, above that of the saturation temperature 
Ts, mass transfer i s s t i l l possible i f a small concave radius of watet 
curvature exists, ( i . e . inside a surface p i t ) , 
( v i ) For a constant surface sub-cooling, there exists a certain convex 
radius of curvature below which no growth i s posisible. At r a d i i j u s t 
greater than t h i s c r i t i c a l radius, growth rates w i l l be slow, due to 
th i s curvature ef f e c t . 
The relationship described i n ( i i ) has neglected the effect of T / 
appearing i n KB, and the term T ; appearing i n Kc. Substituting typical 
values i n t o equation (52) shows that t h i s omission has negligible effect 
on the general r e s u l t . 
The most important assumptions made i n the derivation of the mass 
transfer rate equation are:-
( i ) There i s a laminar, horizontal gas flow across the surface. This 
l i m i t s the maximum gas flow rate to velocities below the turbulence region. 
( i i ) The surface i s plane; that is,droplets do not influence the gas 
flow contoiirs. Typically the boundary layer thickness, ^ , i s 2ram at 
1cm from the surface edge; whilst droplets are genefally<0.005mm high. 
( i i i ) The stirface sub-cooling, (Ts'Tw), i s small and much less than 
(Ta-Jw). 1'his ensures that the Glausius Clapeyron equation may be used, 
and that convective heat trainsfer from the gas i s much greater thsji the 
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'latimt heat' from the mass transfer. 
( i v ) Radiation and conduction heat transfer i s negligible compared with 
the convective heat transfer. See section 5.2, 
(v) There i s no temperature gradient through the droplet thus the 
surface temperature, Tw , i s the same as the water-gas interface temperature. 
(This i s discussed i n d e t a i l i n section 4.4). 
The equation discussed i n t h i s section is used as the basis of the 
model of droplet nucleation derived i n Chapter 4. 
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C H A P T E R 4 
A Model Describing The Physical Growth of Dew Droplets 
The purpose of t h i s chapter i s to develop a simple model of a glass 
surface on which droplets are nucleated and grow by condensation. This 
model i s required to determine the time taken for the nucleation of a 
droplet, and to predict the subsequent rate of growth of that droplet, 
as a function of the variables found i n practice. 
The model requires a number of geometrical relationships and the 
basic formulae are quoted i n section 4.1. A simple growth rate formula 
i s derived i n section 4.2 f o r a droplet on a plane s\irface. The l i t e r a t u r e 
describing the process of dropwise condensation i n single-component 
vapour systems i s reviewed i n section 4.3 and the growth equations are 
compared to those derived i n section 4.2. The droplet growth equations 
i n section 4.2 have neglected temperature gradients i n the droplets, 
and the v a l i d i t y of t h i s omission i s discussed i n section 4.4. 
The physical structure of sol i d surfaces i s discussed i n section 4.5 
and from t h i s review a conical p i t i s chosen as a representative feature 
i n which droplets are nucleated on a glass surface. The nucleation and 
growth of droplets i s geometrically modelled i n section 4.6, and the rate 
equation f o r condensation, developed i n section 3.7» i s combined with 
the geometry to model the complete growth cycle (section 4.7). Section 
4.8 shows typic a l results of the growth cycle which were based on the 
model and solved by a computer program. 
The model which i s developed i n sections 4.1 to 4.8 relates to the 
growth of a single isolated droplet. I n practice, there are two important 
features of the droplet growth process which cannot be easily combined 
i n the model. The f i r s t feattire i s the interaction between the droplet 
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and the adsorbed f i l m covering the surface outside the p i t . This i s 
discussed i n section 4.9. The second feature i s the interaction between 
neighbouring droplets and p a r t i c u l a r l y the effects of droplet coalescence, 
This i s discussed i n section 4.10, and some of the recent techniques 
which have been adopted to model multi-droplet growth are indicated. 
4.1 The Geometry of a Liquid Droplet 
The ptirpose of t h i s section i s to derive the basic geometrical 
relationships which describe a droplet on a sttrface. The droplet i s 
assumed to be the cap of a sphere, and the contact angle with the surface 
i s assiimed to be less than 90 . 
, SURFACE 
The volxime, V, of the cap of a sphere i s : -
which may be expressed:-
now ^ = ( 1 _ Cos 0 ) 
and Tc = Th/SiN 0 
from (55) and (56), h = Pg f an -g;-
substitution of (55) into (54) yields the expression:-
V = JL TT. ^ ^ [2 - 3.ue+cos^e 
3 I Sm'e 
0 
. . . . . . . ( 5 3 ) 
. . . . . . . ( 5 4 ) 
(55) 
(56) 
. . . . . . . ( 5 7 ) 
. .(58) 
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equation ( 5 8 ) may be w r i t t e n j -
V - I IT. {{\-uetiucos6) '. 
3 I w B J 
The surface area, S, of the cap of a sphere i s 
5 = 2 . 7T. n . h 
substitution of ( 5 5 ) and ( 5 6 ) into ( 6 0 ) produces 
S = 2 . IX. TB" /1 - Cos 9 
or S = 4 . T r . r s V i - QoS 
- ( 5 9 ) 
, ( 6 0 ) 
. ( 6 1 ) 
. ( 6 2 ) 
I n section ( 4 . 6 ) an expression i s required which defines 9 as a function 
of V and , No simple solution has been found f o r such a relationship 
based upon equation ( 5 8 ) . However, an approximation has been derived 
which gives good results f o r small contact angles. 
Substituting ( 5 ? ) into ( 5 4 ) yields 
V= TT.nM U 1 , . 1 i . I . . . . . . . ( 6 3 ) 
~2r \ 2 : ^ 3 2 j 
when B i s small, tan|- ^  tan' 
Thus V 7r.r6 
1 
tan e 
z 
. ( 6 4 ) 
Equations ( 6 4 ) and ( 5 8 ) have been compared i n order to estimate the 
error i n calculating volume at low contact angles. Table 3 shows these 
resu l t s . 
CONTACT AN&LC DiFFEaEMCE BETWEEN 
e ' EQUN. (63)/1M, (64-). [ °/ ] 
2 0-01 
4 0-0^ 
10 0 - 2 5 
2 0 1-03 
3 0 2 - 3 
4 0 4-2 
ABLE 3 LRRORS iNVOLVEb \u THE USE QF THE SlMPLlFIE^  
VOLUME E a u f l T i o N 
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4.2 A Simplified Droplet Growth Equation 
The purpose of th i s section i s to use the mass transfer equations, 
derived i n Chapter 5, to predict the growth rate of dew droplets. I n 
practice, the easiest droplet measurement during the growth process 
i s the basal radius, fe . The aim of t h i s work, therefore, i s to calculate 
fe as a function of time when such parameters as sub-cooling (Ts - Tw), 
contact angle 0, and gas velocity Us, are kept constant. 
Wylie, Davies and Caw ( 3 ) havij quoted a droplet growth equation 
although no derivation i s given and certain simplifying assumptions 
are unclear. The following derivation yields an equation similar to 
that of Wylie et a l , but the basic assumptions are noted and the work 
i n the subsequent sections produces a more accurate growth simulation. 
Consider a droplet on a plane horizontal surface which i s sub-cooled 
below the dew-point temperature. The droplet i s assumed s u f f i c i e n t l y 
large to be unaffected by the Kelvin Effect. 
The volume, Vw, of the droplet i s 
" '^^ ^ . . . . . . . ( 6 5 ) 
Where K i = 1 / 3 ( 1 - 0 0 5 6 ^ ( 2 + 0058) from equation (59) 
The desired expression i s the rate of change of Tc 
now JTC _ J Vw / iVw (66) 
d t ol t / J Tc 
Prom equation (65) , dVw _ S . K i . n ' (^7) 
The rate of change of volume, j Vw i s given by r 
. d t 
(The volume rate per u n i t area) x (The 'active' droplet area). 
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The volume rate, q, i s the mass transfer rate,rVloo , (derived i n 
Chapter 3) divided by the density of water. 
The 'active' droplet area, Ac, i s taken by Wylie, Davies and Caw 
(3), to be the plane horizontal area of the surface covered by the 
droplet. The difference between the water surface area and the 'plane' 
surface area has been calculated from equation (62). The difference i s 
0.8 ,^ f o r a contact angle 6, of 10°; 1.5^ f o r 0 - 15*^  and 2.% f o r 
0 = 20° . This 'error' i s small compared to those involved i n the calcula-
t i o n of m^ , and presumably i s small compared with the uncertainty of 
defining the 'active' area f o r condensation. 
Thus Ac = IX . Tc . Sin" 9 (68) 
'^"^ dVw . ^. Ac = 0^. or. r c \ S i .Ve ••(^9) 
J t 
Hence, from equation (66) 
i n - q. A c • (70) 
rr. r c \ Q. Sm Q 
7r. rcSTi-Cose)"(2 + Cos0)} 
(I - Cos^e) 
-Cose)M2+Cose) 
ctrc ^ (1 + Cose) 
• • ol h ( I - Cose)(2 + Cose) (71) 
Equation (71)» which shows a linear change i n radius of ctxrvature with 
time, i s the same as equation ( I ) quoted by Wylie, Davies and Caw (3). 
now TB = Tc . Sin 0 
. i T s . Q (1 + Cose). Sine •(^s) 
" ott ^ (2 + Cos©)(i-Cose) 
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Growth rates w i l l now be calculated by substituting typical values, 
(see Appendix 1), in t o equation (72). 
Consider a plane interface, with nitrogen flowing p a r a l l e l to the 
surface at 1m/sec free stream velocity. I f the vapour dew-point 
temperature i s 1°C and the surface temperature i s 0.9°C, then the heat 
transfer coefficient, nx , i s given by equation (19) i n Chapter 3. 
h x = 3 8*5 W "C"' ( f o r x = | .0c«,) 
And the mass transfer rate (from equation (57) Chapter 3) 
l-OOx 10'^ 6 e c ' 
Now, the volume transfer rate <^  " ITI 
where^ i s the water density = 10 kg 
^"^"s Q = 1-00 X 10'^ k g . w \ S - ' 
: . cj^  = I - 0 0 X 10"'' m / s e c 
I f d i s 20°, then ( I + Cos 9). SinS _ 3-74-
(2+Cose) (I - C o s e ) 
Hence d U _ 2 . 7 / 1 | n'^ / 
for the defined conditions. 
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A l i t e r a t u r e survey has shown that moat published data r e l a t i n g 
to the growth rates of water droplets has considered the vapour phase 
to be free from other gases. Thus most data i s f o r "pure 
water vapour" condensation. I t was i n i t i a l l y considered, however, that 
the present system under experimental investigation (with 0.6 '^ water 
vapour i n nitrogen) should be comparable i n some aspects to the published 
work. The following section reviews some of the "dropwise condensation" 
l i t e r a t u r e , and relates i t to the present work, 
4.3 A Comparison with the Growth Equations f o r a Gas-Free System. 
For many years i t has been known that the rate of heat transfer 
i n condenser systems may be considerably increased by ensuring that 
condensation forms i n droplets rather than a continuous f i l m . Recently, 
many workers have closely analysed the mechanism of dropwise condensation 
i n stream condensers, f o r example, so that the heat transfer coefficient 
may be derived and also to f i n d ways of ensuring that droplets w i l l 
form i n preference to a f i l m . 
Westwater (64) has summarized the results of much of thi s work and 
shows a number of features which d i f f e r from the theoretical results 
shown i n t h i s Chapter, The important differences are that the heat 
transfer rates quoted i n (64) are considerably greater, the time taken 
to nucleate drops and t h e i r subsequent growth i s considerably faster, 
and f i n a l l y the basal radius i s shown to vary l i n e a r l y with the square 
root of time i . e . AJA = (constant) . . . . , . . ( 7 3 ) 
d t 
I t i s necessary to consider t h i s work i n greater detail to discover 
where the two condensation processes d i f f e r and what analogies may be 
found between them. The most important difference i s due to the fact 
that the work considered by Westwater (64) relates to the condensation 
of steam, or pure water vapour, i n a gas-free system. Whereas the 
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condensation considered i n the present work i s from water vapour i n a gas 
stream where the p a r t i a l vapour pressiare i s i n the order of 0.6?C of 
the t o t a l pressure. The heat transfer coefficients considered by 
Westwater (64) cover the range from 10^  to 10^  V/m^ ,s. deg C,whilst the 
values calculated i n t h i s chapter are i n the order of 40W/m .s.deg C, 
This difference i s due almost e n t i r e l y to the presence of the carrier gas, 
Umtir and G r i f f i t h (50), and most other workers who have derived 
formulae which relate droplet radius to time, consider that due to the 
high heat transfer, the growth rate i s proportional not only to the 
droplet surface area but also inversely proportional to the length of 
the heat transfer path within the drop. Thus, as the droplet grows, 
the temperature of i t s upper surface becomes increasingly greater than 
the wall surface temperatTire, hence the "temperatiire-difference driving-
p o t e n t i a l " between interface and vapour w i l l decrease. 
A relationship f o r the rate of change of droplet basal radius 
(r&)» with time has been derived by following a similar procedure to 
the derivation of equation ( 7 3 ) i n the previous section. 
A droplet on a surface i s considered to be receiving condensate 
from a single component vapour ( i . e . no 'carrier' gas). The rate of 
heat transfer i s high, and hence there i s a thermal gradient through 
the droplet. 
The droplet volume = K2 . Fs^ '(74) 
. ^ ( i - C o s e ) ^ ( 2 . Cose ) ^^5) 
3 . Sin^G 
Now the rate of mass transfer i s proportional to the area of the drop, 
and inversely proportional to the length of the heat transfer path i n 
the drop. 
6 5 , 
Hence the volume rate of mass transfer i s 
iVw . a' .he. U . . . . . . . ( 7 6 ) 
ol t ~ ^ h 
Where K i s the v e r t i c a l height of the centre of the droplet and K4/h 
i s the 'average effective heat conduction path' through the droplet. 
Precise calculations of t h i s path length have been made by Fatica and 
Katz (72) and more recently by Umur and G r i f f i t h (50), but are not 
included i n t h i s simple model. 
From equation (57)» h = Ta . ton ("f") 
Thus JVw ^ Q'. 7X. r^'.K. (77) 
ot t re . tcn^A 
= c|^ ^ K3 . re (78) 
Where i s the voltime rate of condensation closely analogous to c 
i n section 4.2. 
and K3 = , j r / ' ton Y" 
From equation (74) J ^ 3 . K2 . Te (79) 
iJow i r e ^ i V ^ / J Vw (80) 
ol t " d t / Tn 
= q / . K . . Ts 
^ 3 . K l . 
2 • ^ ^ T K r 
.(81) 
.(82) 
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Mow rB = 0 WHEN b = 0 , THUS C - 0 
3 
\ ' ' . . . . . . . ( 8 3 ) 
Equation (83) c l e a r l y shows t h a t the r a t e of d r o p l e t growth decreases 
w i t h time. This equation contrasts w i t h the l i n e a r growth equation (72) 
derived i n s e c t i o n 4 . 2 , and the d i f f e r e n c e i s due t o the d r o p l e t tempera-
ture gradient r e s u l t i n g from the high heat f l u x . Hence the ' s i m p l i f i e d ' 
growth equation (72) may only be used when the temperature gradient i s 
small. The j u s t i f i c a t i o n f o r n e g l e c t i n g t h i s gradient i n the present 
work i s discussed i n the f o l l o w i n g s e c t i o n . 
The e f f e c t s of non-condensible gas ( a i r ) i n a water vapour atmos-
phere have been experimentally studied by McCormick and Westwater (74) . 
The a i r concentration was low, and the measured e f f e c t was the reduction 
of the heat tr s i n s f e r c o e f f i c i e n t . The c o e f f i c i e n t was reduced to 50^ 
of the gas-free value by 4400ppm a i r , and to 30fo by 6500ppm. No 
experiments have been reported ( o r presvmably undertaken) f o r the con-
s i d e r a b l y greater gas concentrations used i n the present work. 
The r a t e s of d r o p l e t growth i n gas-free systems, quoted by Westwater 
( 6 4 ) , are approximately 10^ t o 10^ times greater than the rates predicted 
"by equation ( 7 2 ) . The t h e o r e t i c a l approach t o c a l c u l a t i n g the mass 
t r a n s f e r i n gas-free systems f o l l o w s a d i f f e r e n t method to t h a t i n the 
present work. Westwater (64) has reviewed the t h e o r e t i c a l work, and 
the most s a t i s f a c t o r y approach i s ge n e r a l l y t o derive the condensation 
r a t e d i r e c t l y from the k i n e t i c theory. This approach was used by 
Umur and G r i f f i t h (50 ) and based on the ' k i n e t i c * studies of Schrage 
( 7 5 ) . The present system w i t h n i t r o g e n ' c a r r i e r * gas involves water 
vapour d i f f u s i o n towards the s i i r f a c e , and hence the process i s more 
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d i f f i c u l t t o accurately q u a n t i f y . 
The most u s e f u l analogies between the d i f f e r e n t dropwise conden-
s a t i o n studies concern the process of dr o p l e t formation and growth 
dynamics. The work r e l a t i n g to gas-free vapour condensation i s r e f e r r e d 
to i n rev i e w i n g the process of nu c l e a t i o n , and again i n describing 
m u l t i p l e d r o p l e t growth and coalescence. 
4.4 The E f f e c t of Droplet Heat Conduction on the Mass Transfer Equations 
I n Chapter 5 s e c t i o n 3«6 i t was assumed t h a t the i n t e r f a c e temperature 
between the d r o p l e t and the vapour was i d e n t i c a l to the w a l l temperature. 
The accuracy of t h i s assimption w i l l now be tested, based upon the 
conduction equations used i n se c t i o n 5 .6 . 
The heat conducted through t h e d r o p l e t , per u n i t area 
a = kw.(T, - T J / h "^"^  
( t h i s i s the longest path l e n g t h , and therefore represents the maximum 
temperattire d i f f e r e n c e ) . 
The heat, Q, may be equated t o the convective heat t r a n s f e r derived 
i n Chapter 3 section 3 .6 . 
Q = h~x . ( Ta - Tw) 
T i - T w = h x . h . (To - Tw) (85) 
Q 
From equation (57) h = T"6 . ton"27 
Ti - Tw _ hx . tanj . (To " I w ) . TB j^gg^ 
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T y p i c a l l y Kx = 4 0 W / m \ t f o r a gas v e l o c i t y of I m / s c c 
( T a - T w ) - 10°C 
0 . = 20' 
kw = 0 - 6 W / m . / C 
Therefore, from equation (86) Ti - T w - 2 5 0 . Ts (°C) 
The i n i t i a l stages of condensation studied i n t h i s work consider 
values of Te i n the order of 1(^m maximum. 
Therefore T - Tw - 2 - S X 10'^ °e 
This e r r o r i s seen to be small over the range of conditions 
s p e c i f i e d f o r the heat t r a n s f e r and f o r the drop l e t dimensions. However, 
under c e r t a i n c o n d i t i o n s , the e r r o r cannot be neglected. I f the surface 
sub-cooling below the dew-point i s very small, or the drop l e t contact 
angle i s l a r g e , then the condensation r a t e w i l l slow down or even cease, 
4.5 The Physical Shape of Surfaces Nucleating Droplets. 
The process of d r o p l e t formation by nucleation depends upon the 
shape of the nucleant. The ptirpds* o f t h i s section i s to discuss the 
mechanism of nu c l e a t i o n on s o l i d surfaces and to f i n d a s u i t a b l e geo-
m e t r i c a l model t o simulate n u c l e a t i o n centres on a glass surfade. 
The p h y s i c a l surface models described i n the l i t e r a t u r e f a l l i n t o 
three broad categories. F i r s t l y , c r y s t a l l i n e surface features such as 
steps, r e g u l a r corners, rectangular p i t s , and mounds. Secondly, surface 
scratches and p i t s which resemble such shapes as troughs, hemispherical 
c a v i t i e s , c y l i n d r i c a l c a v i t i e s and c o n i c a l p i t s , F i n a l l y , s o l i d i n s o l u b l e 
surface deposits, such as p a r t i c l e s of materials w i t h c o l l o i d a l dimensions. 
McGormick and Westwater (48) have made a microscopic study of 
m e t a l l i c surfaces d u r i n g the n u c l e a t i o n of water droplets from a 
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saturated water vapour atraoaphere. Most dro p l e t s were seen to form i n 
p i t s and scratches r a t h e r than on mounds. P i t s made by spark erosion 
were shown to s u c c e s s f u l l y nucleate d r o p l e t s . The work also studied 
the n u c l e a t i n g a b i l i t i e s of many types of p a r t i c l e s on the surface, 
and concludes t h a t those w i t h lowest water contact angles were the 
most e f f e c t i v e nucleants. 
Much o f the l i t e r a t u r e d e a l i n g w i t h the t h e o r e t i c a l study of nucleation 
i s based on the mechanism of l i q u i d b o i l i n g . The b o i l i n g process 
i s c l o s e l y analogous t o the d r o p l e t growth process, thus the work 
dealing w i t h b o i l i n g has r e c e n t l y been applied t o the study of dropwise 
condensation. Hsu (65) has derived equations which show the most e f f e c t i v e 
size range of surface c a v i t i e s f o r nucleate b o i l i n g . Hsu found t h a t f o r 
any given water temperattire and vessel temperature there was a corres-
ponding size of surface p i t which nucleated bubbles i n the f a s t e s t 
time. The work of Hsu, and others, has l e d t o the concept of an 
' e f f e c t i v e size range of n u c l e a t i o n s i t e s * f o r each amount of super-
heating. Thus i f a surface contains c a v i t i e s of a l l si2;es, only a range 
of sizes w i l l be capable of n u c l e a t i n g bubbles, smd of these c a v i t i e s , 
the ones which nucleate f a s t e s t w i l l be the most e f f e c t i v e . 
McCormick and Westwater (48) have used the equations developed by 
Hsu, and applied them to the n u c l e a t i o n of water droplets i n surface 
p i t s . The equations have been f u r t h e r developed t o study nucl e a t i o n 
on p a r t i c l e s , McCormick and Westwater consider t h a t a p a r t i c l e on 
the surface w i l l become covered by adsorbed vapour at s a t u r a t i o n and 
w i l l act as though i t were a l i q u i d d r o p l e t . The necessary conditions 
f o r t h i s are t h a t the p a r t i c l e i s completely wettable by the water and 
t h a t the l a y e r i s s u f f i c i e n t l y t h i c k t o act as a 'true l i q u i d water 
phase'. Frenkel (66) has examined t h i s process and shows t h a t the f r e e 
energy of molecules i n a t h i n adsor'bed l a y e r i s used i n bonding to the 
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stirface molecules and cannot act aa a f r e e l i q u i d . 
The physical features of glass surfaces have been discussed i n 
Ciiapter 2 s e c t i o n 2 . 5 , The e l e c t r o n microscope study of soda-lime 
glass made by Tichane and C a r r i e r (16) has indicated the types of feature 
a v a i l a b l e f o r n u c l e a t i o n . P e r f e c t l y clean glass contains domains of 
the oxides which are approximately 0.01/4m i n width. Weathered or 
leached glass i s much rougher and appears to have the chemically soluble 
components (soda, f o r example) removed. The surface thus becomes 
i n c r e a s i n g l y p i t t e d as leaching occurs. 
The c o n i c a l p i t has been chosen as the nucleation centre i n the 
si m u l a t i o n of a glass surface. The diameter of p i t s discussed i n the above 
l i t e r a t u r e are i n the order of G.l/tm and the t h e o r e t i c a l study i n 
the present work w i l l consider n u c l e a t i o n i n p i t s w i t h i n the range 
0.01 to I.O^iiD diajneter. 
The t h e o r e t i c a l study of nuc l e a t i o n made by Hsu (65) and developed 
f o r condensation by McCormick and Westwater ( 48 ) , has been p r i m a r i l y 
undertaken t o f i n d the size of features capable o f nucleating a new 
phase, as a f u n c t i o n of the supersaturation. The upper l i m i t of the 
p i t s i z e i s r e l a t e d t o the temperature gradient through the forming 
d r o p l e t . The lower l i m i t i s set by the K e l v i n E f f e c t . The study i n 
the present work has shown t h a t the l i m i t a t i o n due to a teraperatiire 
g r a d i e n t i s n e g l i g i b l e under the condi t i o n s of low heat t r a n s f e r . The 
si m u l a t i o n of d r o p l e t n u c l e a t i o n i n a conical p i t w i l l , t h e r e f o r e , 
consider the K e l v i n E f f e c t t o be the most important l i m i t a t i o n i n small 
p i t s . I t i s hoped t o show t h a t the 'time to nucleate' i s the upper 
l i m i t a t i o n of p i t size i n the present work. 
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4.6 Droplet Nucleation i n a Conical P i t 
I n order to produce a simple model of l i q u i d water growth i n a 
coni c a l p i t i t i s necessary to set c e r t a i n l i m i t s on the g e n e r a l i t y 
of the model. The water to surface contact angle, 6 , i s assumed 
constant, even though the concept of any contact angle has l i t t l e 
meaning during the i n i t i a l stages of adsorption. Also, the contact 
angle i s assumed to be small, and experimentally foxjnd values f o r glass 
( s e c t i o n ( 3 . 2 ) ) suggest t h a t the s u i t a b l e range i s from 25° to 0° 
( f o r complete w e t t i n g ) . 
The sum of the contact angle 0, plus the p i t semicone angle ^ , 
must be less than 90° otherwise the i n i t i a l stages of the model w i l l 
not enable growth t o be studied. I f ( 6 + / ) > 90°, supersaturation 
i s necessary before any 'considerable' growth w i l l take place. 
The n u c l e a t i o n and growth of a d r o p l e t i n a con i c a l p i t i s considered 
t o pass through f o u r regions. F i g . (16) shows the boundaries of these 
defined regions. 
A I / F I G . U 
/ \ / / GROWTH REGIOM BOUNDARIES 
The n u c l e a t i o n process i s considered t o begin i n the p i t apex 
Where a few water molecules w i l l be present even a t temperatures w e l l 
above the dew-point. As the dew-point i s approached, f u r t h e r adsorption 
occurs i n the p i t apex and a multi-molecular layer of water i s formed 
which has a small r a d i u s , concave i n t e r f a c e w i t h the vapour. The 
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concave i n t e r f a c e allows f u r t h e r growth, even at temperattures above the 
dew-point, due to the K e l v i n E f f e c t (Chapter 3 section 3.3). The 
l i q u i d water phase grows i n the p i t and maintains the contact angle,9, 
at the w a l l . This i s r e g i o n 1 and i t continues u n t i l the water/wall 
contact p o s i t i o n reaches the mouth o f the p i t . 
F i g , (17) shows an i d e a l model of the mouth of the p i t . The radius, 
Tm, i s normally considered n e g l i g i b l e . I t i s used here, however, to 
show how the water grows from region 1 t o region 4 w h i l s t maintaining 
the constant w a t e r / s o l i d contact angle. 
REGION 4-
REGION 3 
F I G . 1 7 
\Jf\TER/V/ALL CONTACT AT R T H O U T H 
REGION 1 
A represents the water surface a t the completion of stage 1 . 
B represents the water surface a t the completion o f stage 2 , 
where the water has a plane, h o r i z o n t a l surface. Growth above t h i s 
l i m i t r e q u i r e s a convex i n t e r f a c e , thus r e g i o n 5 can only e x i s t when 
the s o l i d surface i s sub-cooled below the dew-point. During growth 
i n regions 2 and 3» 'the water basal r a d i u s i s considered constant, 'Tp, 
the mouth ra d i u s of the p i t . C represents the water surface when the 
contact angle 6 i s formed w i t h respect t o the h o r i z o n t a l surface. 
Any subsequent vol\une increase causes the basal radius to increase, 
w h i l s t 0 remains constant. The growth away from the p i t i s c a l l e d 
r e g i o n 4 . Nucleation i s defined to be complete when a dr o p l e t begins 
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to grow away from the p i t . 
An analysis of t h i s process requires the c a l c u l a t i o n of the water/gas 
i n t e r f a c e radius of curvature, as a f u n c t i o n of the water volxune, and 
w i t h defined contact angle 0 . Expressions w i l l be derived to represent 
the growth geometry f o r each of the f o u r stages. 
i ) Region 1 
6iVFN VOLUME, V/ ; COMTACT A M G L E / 0 ; 5EMICONE ANGLE , jz!', 
F iMD ;- Ta , Tc . 
L i q u i d Volume » (Volume o f cone w i t h basal radius 1^) - (Volume of 
sph e r i c a l cap of base radius ) 
.'. Vf - 7T. ^ _ (Volume of cap w i t h tangent t o h o r i z o n t a l OH) 
3. Can/ 
Now OH - (HO' - [e-^^]} 
. . j r . Fa f2-3.$.n {e^^)^W{d^^) 
7T / [ Sin / CosHe^^) 
'/3 
. ( 8 7 ) 
and Tc = Ta/ Cos (e + / ) ( 8 8 ) 
7A. 
i i ) Region 2 
(3IVEN r VOLUME, Vi ; CONTACT AMGLE,0; SeKlicoNE/IwGLEjjZi; Rr RADIUS, TP . 
FIND :- n . 
During growth i n the mouth of a p i t , the basal radius i s a constant, 
TP . The angle between the tangent t o the i n t e r f a c e edge, and the horizon-
t a l i s a variable,OA . I n order to f i n d Tc i t i s necessary to c a l c u l a t e 
f o r a given Vifl , 6 , ^  andTp, The usual equation f o r the volume of 
the cap of a sphere i s 
Vlf l - l . T f . r p ' [ 2 -3 .CoseA + Co^e, (89) 
This expression appears to y i e l d no simple s o l u t i o n f o r On as a f u n c t i o n 
of Vlfl andTp. For t h i s reason, the approximate s o l u t i o n (Equation ( 64 ) ) 
i a used. 
Thus 0A ^ 2. U n - ' / 2 . VfA ] (90) 
Now, the t o t a l water volume «> (The Volume of the Cone w i t h basal radius 
Tp ) - ( i b e voliune of the cap of a sphere w i t h basal radius TP and 
contact angle 0A) 
i . e . V i = Vic 
: . Vf = yr. TP ' _ T L J i ! . tan 6 
3 . t o n / 2 2 
Vi ^ Tr^rp' I 2 . C o t 4 - 3 tan I I (91) 
and the required r a d i u s , Vc =• T P / 5 i n 6A 
n = rp/Sin /2. Un"(2[Vic -V/] 
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l i i ) Region 3 
-rp — 
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F I G . 2 0 
Growth i n t h i s r e g i o n i s seen t o be s i m i l a r t o that i n r e g i o n 2 . The 
basal r a d i u s i s constrained at 17 , and the radius of curvature, , 
i s r e q u i r e d as a f u n c t i o n of the volume. 
I f Vi i s the t o t a l water voliune, and Viw i s the voliune above the 
h o r i z o n t a l surface, then 
Viw = Vi - Vic 
And from equation (64) 
06 = 2. t a n - l2jMsm] (93) 
I T . Tp' 
Hence Tc = rp/5in|2. Uh" (2. [ Vj - Vjd 
7r. T P ' 
.(94) 
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GIVEN r- TOTAL VOLUME, Vl; PIT RADIUS, ONJTficr ANGLE,6; SenicoNE ANGLE,/. 
FIND n, T a . 
I n t h i s r egion the basal radius of the d r o p l e t increases beyond the 
p i t , and the only c o n s t r a i n t i s the contact angle Q. 
Now ViD = VI - Vic 
From equation (58) 
Vio = 1 . 7 r . n' 12 - 3.CO50+ Cos'e \ ,05) 
3 I S in^e 1 
Thus re = / 3 . V l p . S i n ^ e . , . . . . . . ( 9 6 ) 
and Tc = r&/Sin 0 (97) 
4.7 A Computer Based Model Simulating Droplet Nucleation and Growth 
The mass t r a n s f e r r a t e equation (47) derived i n Chapter 3 w i l l 
now be combined w i t h the geometrical r e l a t i o n s h i p s derived i n the 
preceding s e c t i o n so t h a t the e n t i r e nuoleation and growth process 
may be modelled. 
The model assumes t h a t the c o n i c a l p i t under consideration contains 
a very small v o l m e of water at 'Time = 0 ' . The basal radius of t h i s 
water i s taken t o be of the p i t mouth ra d i u s . Furthermore, the model 
assumes t h a t the water surface area which a c t i v e l y c o l l e c t s the condensed 
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vapour i s the plane h o r i z o n t a l basal area. The r a t e equation (47) 
( i n chapter 3) , and the geometric equations (87 ) to (97) have a l l been 
derived i n such a manner t h a t they r e a d i l y form a ' f i n i t e d i f f e r e n c e ' 
type of equation s u i t a b l e f o r computer s o l u t i o n . The basic purpose of 
the model i s t o c a l c u l a t e the water p o s i t i o n and dimensions as a fxmction 
of time. The time increments are chosen to enable a minimum of 200 
steps d u r i n g each of the f o u r regions of growth defined i n the preceding 
s e c t i o n . 
Pig. 22 shows the block diagram of the computer program which 
simulates the growth process. Each volumie increment can only be c a l -
culated when the i n t e r f a c e radius of curvature i s known. I n t h i s 
model the r a d i u s of curvature from the preceding step i s c a r r i e d to 
the next step as the basis f o r the increment c a l c u l a t i o n . 
The i n p u t data t o the program consists of physical constants f o r 
water and the c a r r i e r gas; the h\imidity of the c a r r i e r gas defined by 
i t s dew-point and s a t t i r a t i o n vapour pressure; the time increments 
necessary f o r the computer s o l u t i o n ; the v e l o c i t y of the c a r r i e r gas 
across the surface; the temperature of the cooled surface; and f i n a l l y , 
the dimensions of the con i c a l p i t . 
The assumption t h a t TB « 1% of TP a t 'Time = 0 ' i s used to f i n d the 
i n i t i a l c o n d i t i o n s f o r Volume, Vl , basal radius w i t h i n the p i t , T a , 
and r a d i u s of curvature, Tc. The volume increment corresponding t o a 
u n i t time step i s c a l c u l a t e d f o r a concave i n t e r f a c e w i t h area and 
curvature defined by the i n i t i a l c o n d i t i o n s . This voliime increment i s 
added t o the i n i t i a l volume, and equations (87) and (88) are used t o f i n d 
the new values of T2 and 7c , This procedure i s repeated at each time 
i n t e r v a l u n t i l e i t h e r of two i n t e r v e n i n g conditions occur. I f the growth 
r a t e becomes zero the program stops and i n d i c a t e s t h i s c o n d i t i o n . 
I f Ta ^ Tp, the water has f i l l e d the volume prescribed to region 1 and 
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growth must proceed i n region 2 . 
The excess water from the f i n a l time increment i n region 1 i s 
considered to be the i n i t i a l c o n d i t i o n s f o r region 2 growth. The time 
increments f o r region 2 are approximately lO/o of those used i n region 1 
because of the smaller volume in v o l v e d . The volume Vi, and radius o f 
curvature,Tc, are c a l c u l a t e d from equations (91)and ( 9 2 ) , Again, the 
time increments continue u n t i l e i t h e r of two conditions occtir. I f the 
growth r a t e i s zero the program stops. I f the t o t a l volrane, Ml , i s 
greater than or equal t o the volume of the cone alone, growth proceeds 
i n r e g i o n 3, 
Region 3 i s s i m i l a r to r e g i o n 2 , i n the method of simulation. 
The i n t e r f a c e i s convex, thus the exponent i n the mass t r a n s f e r r a t e 
equation i s now p o s i t i v e . Tc i s c a l c u l a t e d from equation ( 94 ) i and 
the time increments are s i m i l a r t o those used i n region 2 . I f the growth 
r a t e i s zero, the program stops. I f the t o t a l water volume exceeds 
t h a t of a cone plus the f u l l cap of a sphere, the growth proceeds i n 
re g i o n 4 . 
I n r e g i o n 4» Tc i s found from equation (97) stnd Ti> from ( 9 6 ) . 
The growth r a t e cannot be zero because the t r a n s i t i o n between regions 3 
and 4 represents the minimum convex r a d i u s of curvature. (The l i m i t a t i o n 
discussed i n s e c t i o n ( 4 . 4 ) i s not included i n t h i s simple model). 
Growth continues, w i t h l a r g e time increments, u n t i l a pre-determined 
basal radius i s reached. 
The p h y s i c a l data, f o r c a r r i e r gas and water used i n the simulation 
are discussed i n Appendix 1 , The r e s u l t s of the s i m u l a t i o n are qudted 
and discussed i n s e c t i o n ( 4 . 8 ) , 
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4 . 8 Droplet Mucleation and Growth Rates Predicted by the Gomputer-
Eased Model 
The computer-based model assumes the dew-point temperature to be 
1°C, and the ni t r o g e n gas flow t o be 1 m/sec, F\arthermore, the p i t 
semicone angle i s taken t o be 30° , The simulation i s intended to show 
how the p h y s i c a l growth r a t e i s determined by the v a r i a b l e s : - contact 
angle 6 , siirface temperature Tw, and the p i t mouth radius T?. 
Fi g , 23 shows how the l i q u i d basal radius (considered here to be 
i n s i d e and outside the p i t ) v a r i e s w i t h time. The curves represent 
growth nucleated i n p i t s of d i f f e r e n t mouth r a d i i . Consider the course 
of water condensing i n a p i t whose mouth radius Tp i s O.O^ni. AB i s 
the growth i n r e g i o n 1 which ends when the water reaches the top of the 
p i t . The s e c t i o n BC i s the growth i n regions 2 and 3, thus the basal 
r a d i u s i s constant and equal to the p i t mouth radius. Kucleation i s 
considered complete a t C, and the d r o p l e t i s able t o grow away from the 
p i t , f o l l o w i n g the ctirve CD. The i n i t i a l growth r a t e a f t e r nucleation 
i s seen t o be slow, and t h i s i s caused by the small convex radius of 
d r o p l e t ctarvature. When the d r o p l e t curvature decreases, the growth 
r a t e becomes constant. 
The f a m i l y of curves i n F i g , 23 show t h a t a maximum c o n d i t i o n e x i s t s 
f o r the time t o reach a given basal r a d i u s . Small p i t s nucleate drops 
q u i c k l y , but have slow i n i t i a l growth r a t e s due t o the curvature e f f e c t . 
Large p i t s , however, take longer t o nucleate the drops but subsequent 
growth i s f a s t because of the small cxirvature. The cvirve AR represents 
the time taken f o r water t o reach the top of a p i t whose mouth radius ITP 
equals Te> the water basal r a d i u s . 
F i g s . 24, 25 and 26 are used t o show the time taken by the condensed 
water t o reach given dimensions. F i g . 24, w i t h a contact angle, 9 , 
of 10° and 0.1°G sub-cooling, i l l u s t r a t e s the f a c t t h a t an "optimum p i t 
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radius" exists. P i t s below a certain size w i l l not nucleate droplets. 
This i s caused by the radius of curvature decreasing below the value 
discussed I n Chapter 3 section ( 3 . 8 ) . Pits with r a d i i s l i g h t l y greater 
than the minimum for successful nucleation, are seen to nucleate droplets 
which grow to the pre-determined basal r a d i i much faster than those 
from larger p i t s . The p i t radius which allows fastest nucleation i s 
seen to be similar t o , but not the same, as that which nucleates drops 
with fastest growth to the defined basal r a d i i . 
Figs. 24 and 25 may be compared to show the effect of the contact 
angle, 6 , on the growth process. The time taken to reach the top of 
a p i t (with TP = 0.2^m, for example) i s faster f o r the surface with 
lowest contact angle, 6 , This i s because a small contact angle causes 
an increased concave radius of water curvatiire and hence has a higher 
growth rate. A small contact angle enables a fast basal radius growth 
rate away from the p i t because of the low volme to radius r a t i o . The 
p i t radius f o r nucleating fastest growth i s smaller f o r a 10° contact 
angle than f o r a 20° angle. This i s due to the larger radius of water 
curvature during the t r a n s i t i o n between regions 3 and 4. Small contact 
angles are seen to produce a small concave radius of water curvature 
inside a p i t , and a large convex radius of curvature outside the p i t . 
Figs. 25 and 26 show the effect of decreasing the surface temperature, 
i.e . increasing the sub-cooling. The rate of mass transfer i s pro-
portional to the sub-cooling, thus when the sub-cooling i s increased 
from 0,1°C to 0.2°C the growth rate f o r large drops i s doubled. Small 
droplets axe influenced by radius effects i n addition to sub-cooling. 
The p i t radius f o r nucleating fastest growth i s halved when the sub-
cooling i s doubled. This i s shown i n Chapter 3 equation(51) where T 
i s shown to be a function of ( Ts ~ T / ) . 
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Fig. 27 enables the droplet radiua of oirrvature to be found as a 
function of time. The radius i s i n i t i a l l y constrained by the p i t wall, 
u n t i l the droplet reaches the top of the p i t . The concave radixis 
increases and tends to i n f i n i t y as the water grovfs i n region 2 and forms 
a horizontal interface. The radius decreases and i s convex whilst further 
growth takes place i n region 3. When the water reaches the conditions 
for forming 0° with the horizontal,i.e. the transition between regions 
3 and 4» the convex radius i s at i t s minimum value. Subsequent growth 
causes the water to move away from the p i t and the radius of curvature 
increases as i t does so. 
The simulation has shown that f o r a given set of conditions for 
contact angle, 0 , and surface sub-cooling, (Ts~ Tw ), there exists an 
optimum p i t radius which nucleates droplets which reach a given size 
i n a minimum time. Fig, 23 shows that i f a surface contains p i t s having 
a rajige of mouth r a d i i , then after a period of 520 seconds, for example, 
the droplets nucleated i n a p i t of Tp « 0,3y(jm w i l l have a basal radius 
of 0,4^m, whilst those from a p i t of T} = O.l/im w i l l have a radius 
of O.^ m, Pits i n a surface are generally close together, and coalescence 
between drops w i l l occur soon after nucleation. The voltxme increase 
caused by coalescence w i l l assist droplets which nucleate quickly and 
they w i l l become the most active sites f o r fiirther growth. 
The simulation has made a number of important assxunptions and these 
are l i s t e d below;-
i ) The active water area f o r condensation i s the horizontal basal 
area. 
i i ) Each p i t i s considered to be surrounded by a large plane surface. 
Interaction through coalescence i s not included, 
i i i ) The surface temperature i s considered to instantaneously change 
83, 
from a high ambient value to the f i n a l value, Tw, at'time = O' 
i v ) The water to glass contact angle,9 , i s f i n i t e and constant. 
This simulation has shown how the physical dimensions of a gi'owing 
dew deposit may be estimated. The model of single droplet behaviovir i s 
l a t e r used i n comparison with experimental results even though coalescence 
effects are complex factors i n the comparison. The model has shown that 
f o r a given surface sub-cooling there exists an effective size range 
of p i t s f o r nucleation. This f i n d i n g agrees well with the l i t e r a t u r e 
dealing with bubble nucleation i n b o i l i n g . 
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4'9 The Influence of an Adsorbed Film on the Droplet Nuclftation and 
Growth Proceas 
The model developed i n the previous sections, and the work reviewed 
i n Chapter 3» has been based on the presently accepted view that droplet 
formation i s a nucleation process. However, Small et a l (6) i n 1931 
measured the surface r e s i s t i v i t y of glass at the dew-point and suggested 
that the water droplets were formed when a thick adsorbed f i l m broke 
up due to f i l m i n s t a b i l i t y . Jackob (49) i n I956 used a similar explanation 
of f i l m rupture to account f o r droplet fomation on certain steaxn 
condenser tubes. Small's work i s of direct importance to the e l e c t r i c a l 
surface behaviour studied i n the present work, so i t is necessary to 
examine the f i l m break up postulation i n greater d e t a i l . ( I t i s useful 
to note, however, that Small did not raicrosnopically examine the glaas 
surface during dew formation). 
ITie concept of a f i l m break up i s now believed untenable on the 
basis of the consideration of the system energy changes necessary to 
produce droplets from a l i q u i d f i l m . Prenkel (66J has discussed th i s 
point, and notes that although the l i q u i d surface free energy would be 
reduced by droplet formation, the linear free energy of the droplet 
boundary must increase and i n fact would lead to a t o t a l energy increase. 
Hence a spontaneous f i l m rupture w i l l not occur. Wylic (43) also 
reaches t h i s conclusion and argues that the energy decrease due to the 
"mutual annihilation of two l i q u i d surfaces exceeds the decrease which 
occurs when a l i q u i d surface i s united with the substrate surface". 
The present experimental work discussed i n Chapter 6 has produced 
evidence to support the nucleation theory of droplet famation on a 
glass sTirface (section 6.1.2), Furthermore, the reviewed work, and 
also the practical work, has indicated the presence of an adsorbed f i l m 
on the glass surface. I t i s therefore necessary to study the droplet 
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nucleation and growth process i n greater d e t a i l to f i n d the interaction 
between the adsorbed f i l m and the nucleated droplet. 
The behaviour of the adsorbed f i l m as vapour saturation i s approached, 
depends upon the wetting characteristics of the adsorbate sirrface. In 
Chapter 2, section 2.2., i t was shown that the Type IV adsorption isotherm 
may either asymptotically approach the saturation conditions or may 
pasfi through saturation with a f i n i t e f i l m thickness (Fig. 1). A 
completely wetting surface produces the asymptotic f i l m thickness increase, 
whilst a p a r t i a l or non-wetting svirface produces a f i n i t e f i l m thickness 
at saturation. I n the p r a c t i c a l work reviewed i n Chapter 2 section 2.6 
i t was shown that the glass-water system belongs to the l a t t e r category 
( i . e . a f i n i t e f i l m thickness at saturation). 
Frenkel (66) has t h e o r e t i c a l l y studied the equilibrivira conditions 
of adsorbed films i n the region of vapour saturation. One general 
conclusion from his work i s that the vapour pressure above a th i n 
adsorbed layer i s greater than that above normal l i q u i d water. This i s 
a consequence of the long range forces of the solid surface acting on 
the adsorbed f i l m surface. Clearly t h i s vapour pressure situation i s 
analogous to the Kelvin Effect where the vapour pressure above a curved 
surface i s greater than that above a plane l i q u i d surface. Frenkel has 
developed an equation which establishes a relationship between the 
pressure difference, Pl/Pw, and the f i l m thickness, i , 
in _a_] = M. Ee.D^  100) 
\Pw/ R.T. f 
Where ?i i s the vapour pressure j u s t outside the adsorbed f i l m , 
Pw i s the saturation vapour pressure over a plane water jsurface 
D i s the mean distance between adsorbed molecules, 
Ee i s the evaporation energy per molecule 
This equation i s analogous to the Kelvin Equation (equation (5) i n 
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Chapter 5) which i s 
f r \ ^ 2 n )( 
Pwj ~ RT/o r2 
Equation C^ S) indicates that the adsorbed f i l m must be supersaturated 
i n order to freely grow by net condensation. (Analogous to the Kelvin 
E f f e c t ) . Hence i t i s necessary to supersatvirate (subcool) the water 
vapour i n order to nucleate drops and also to produce a freely growing 
f i l m . From t h i s argument i t follows that droplets may be nucleated 
before f i l m growth begins, as the surface temperature i s reduced. Thus 
the droplets may be growing by net condensation whilst the adsorbed 
f i l m i s i n e q u i l i b r i a with the vapoiir, or growing at a slow rate. 
The experimental work of Derjaguin and Zorin (19) has indicated 
t h a t , i n a supersaturated atmosphere, droplets were formed on a glass 
surface which retained a uniform multilayer of adsorbed water surr-ounding 
the droplets. Wylie (43) has discussed the processs of f i l m and droplet 
interaction, and considers that the two "phases" afe independent, Wylie 
cites the work of Bangham and Mosallara who have observed the simulataneous 
existance of a f i l m and droplets. This experimental evidence supports 
the above discussion based on the work of Prenkel ( 66 ) . 
A ftirther consideration of a droplet coexisting with an adsorbed 
f i l m uses the concepts of the contact angle, 6 , and spreading, which 
were b r i e f l y discussed i n Chapter 3 section 3.2. From equation ( 3 ) : -
Cos 6 - Ysv ~ YsL 
YLV 
Vftiere V&v i s the s o l i d surface free energy 
YLV i s the l i q u i d surface free energy. 
The effect of an adsorbed f i l m i s to decrease the 'solid' surface 
free energy and, i n the l i m i t , Vsv *• Viv as the adsorbed layer becomes 
s u f f i c i e n t l y thick to behave as l i q u i d water. ( VSL remains unchanged i n 
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this procesvs). Thus the effect of an adsorbed f i l m i s to increase the 
contact angle,0 , sjid t h i s has been experimentally v e r i f i e d for various 
liq u i d s by Bernett and Zisman (55) and Shafrin and Zisman (54). The 
practical consequence of t h i s effect i n the present work i s that although 
the glass may be wetted by water at low humidities, the adsorbed f i l m at 
saturation conditions may be s u f f i c i e n t to allow the droplet to r e t a i n a 
f i n i t e contact angle with the surface. 
This discussion suggests that the adsorbed f i l m surrounding the 
p i t s modelled i n the previous sections, does not greatly influence the 
growth process apart from determining the droplet/surface contact angle,©, 
'vT/hen the surface i s subcooled, i t i s expected that the f i l m height may 
begin to increase due to net condensation, although t h i s condition cannot 
be accurately predicted from equation ( 1 8 ) . ('D' i s not precisely 
known, and i t s effect i s cubed i n the equation). 
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4«10 Multi-Droplet Growth and Coalescence 
The work so f a r has studied the nucleation and growth of single 
droplets which were assumed to be isolated from other droplets. Clearly 
the s i t u a t i o n i n practice involves droplet coalescence when the droplet 
dimensions are comparable to the spacing between nucleation sites. 
Wylie, Davies and Caw (3) have described the appearance of a grow-
in g dew deposit, and have i d e n t i f i e d two stages of growth. The f i r s t 
stage i s termed an 'open deposit' and t h i s i s where the droplets are 
separated by distances comparable t o , or greater than, t h e i r diameters. 
When the droplets grow further and begin to coalesce, the growth process 
i s much more complex because i t involves mass transfer to a particular 
droplet by condensation plus coalescence. This stage i s defined by 
Vi/ylie et a l as a 'closed deposit'. 
Many of the studies of multi-droplet growth which appear i n the 
l i t e r a t u r e refer to"gas-free" water vapour condensation. 
The droplet growth cycle i n these studies involves nucleation, droplet 
growth by condensation, droplet growth and r e d i s t r i b u t i o n by coalescence, 
and often considers droplet removal from the surface by gravity so 
that the growth cycle repeats. 
McCormick and Westwater (74) have experimentally studied the 
process of droplet growth i n a pure water vapour atmosphere. Their work 
indicated that neighbouring droplets influence the growth rates of 
each other, and that a droplet grows fastest vAien i t s nei^bours are 
furthest away. McCormick and Westwater have shown that the number of 
coalescence events which a drop undergoes on a v e r t i c a l surface before 
s l i d i n g down under gravity, i s i n the order of 4 x 10 . The maximum 
6 2 
droplet population they studied was i n the order of 10 per cm . The 
more recent work of Graham and G r i f f i t h (79) has indicated that the 
9A. 
droplet sizes at nucleation were too small to be measxired by optical 
techniques. However, they calculated the minimum droplet sizes by 
extrapolation of heat f l u x measurements and found nucleation s i t e 
8 2 
densities i n the order df 2 x 10 per cm . 
Wylie, Davies and Caw (3) have discussed the much slower process 
of water vapour condensation from a non-condensible •carrier gas', and 
8 2 
found a maximum droplet population of 5 x 10 per cm . The difference 
i n maximum droplet populations found by Wylie et a l , Graham and G r i f f i t h , 
and McCormick and Westwater, i s presumed to be p a r t i a l l y due to the 
nature of the surface materials. The action of a 'promoting substance' 
on a surface i s expected to reduce the number of active p i t s . The p i t s 
which contain promoter w i l l be lower energy than those which are 
unpromoted, and hence the low energy p i t s w i l l require greatest super-
saturation to bring about nucleation. McCormick and Westwater (74) 
reported that droplets reached diameters between 60 and 120^rri before 
coalescing with neighbours. Their surface was promoted with benzyl 
raeroaptan. The work of Davies (20) , reported by Wylie, Davies and Caw 
(3)> was on an unpromoted surface and fovmd a much greater droplet 
population, and droplets coalesced when t h e i r diameters were i n the 
order of yum* 
McCormick and Westwater (74) reported that coalescence events 
occurred i n less than 6 m.sec (the frame duration of th e i r cine camera). 
The duration of a coalescence event has been discussed by Hose (75) 
who indicates that the time may onjLy become signi f i c a n t , compared to 
condensation growth rates, at very high heat f l u x on a low energy surface, 
The two processes which define the coalescence time were shown to be 
i n e r t i a effects and viscosity effects. I t was suggested that viscosity 
effects are negligible. Rose considers that 'filmwise condensation' 
w i l l occur i n preference to 'dropwise condensation' when droplet 
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coalescence takes longer than droplet formation. 
The significance of the above work to the present investigation i s 
that droplet coalescence times may be neglected i n comparison with 
growth times. Also, the droplet growth rates calculated i n the preceding 
simulation may be altered by neighbouring droplets i n practice, but 
no quantitative estimation of t h i s effect has been made. One coalescence 
phenomenon noted by McCormick and Westwater (74), which i s found to be 
s i g n i f i c a n t i n the surface e l e c t r i c a l conductivity simulation (Appendix 
3 ) , was the droplet area vari a t i o n dtiring coalescence. When two identical 
droplets coalesce (the condition of greatest effect) there i s a 20,5^ 
reduction i n combined horizontal basal area. Thus the plane surface 
area surrounding the droplets i s increasedi 
Wylie, Davies and Caw (3) suggest that new droplets w i l l be nucleated 
i n the areas vacated by coalescing droplets. This has been observed, 
although infrequently, i n the present experimental work. 
I n recent years a number of attempts have been made to simulate 
a large growing dew deposit. This work i s especially useful i n calculating 
the heat transfer characteristics of a surface supporting a growing 
'dropwlse' deposit. I n general, computing techniques are necessary to 
process the large quantity of data associated with many droplets 
undergoing coalescence events, A simple model by Gose, Mucciardi and 
Baer (76) simulated the growth of droplets from 200 s i t e s . Glicksraan 
and Hunt ( 77 ) , and more recently Rose and Glioksman (78) have developed 
a very accurate computer based model ahd have successfully compared the 
simulation with experimentally obtained data. The simulation techniques 
described i n the above work form the basis of the multi-droplet model 
developed i n Appendix 3. 
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C H A P T E R 5 
The Design ajnd Conmtruction of the Experimental Apparatus 
The primary functiori of the experiment was to cool an insulator 
i n a gas stream of constant known humidity whilst measuring the surface 
resistance and making a microscopic examination of the growing dew 
deposit. 
Fig. 28 shows a block diagram of the desired experimental apparatus. 
The insulator, i n the form of a t h i n disc, must be moimted with a good 
thermal contact to a cooling device. The mechanical design of the 
condensation c e l l was mainly influenced by the thermal path beneath the 
insulator. This i s described i n section 5,1 whilst section 5,2 develops 
a thermal analysis of the design. The apparatus must provide a method of 
c a r e f u l l y c o n t r o l l i n g the surface temperature, and t h i s system i s des-
cribed i n section 5 .3 , The techniques adopted to maintain a gas supply 
of constant humidity are described i n section 5.4, 
The insulator specimens must be c a r e f i i l l y cleaned to remove con-
tamination and must then have electrodes deposited on the surface. 
Section 5,5 describes the insulator preparation, whilst section ^.6 
discusses the instrumentation used to measure the surface r e s i s t i v i t y . 
F i n a l l y , section 5«7 describes the method of viewing the dew deposit 
on the surface. 
97. 
I LLUM (NATION 
^ I OBSERVATION NOTES ^ 
MICROSCOPE r " ^ " 
C 0 N D I T 1 0 N 1 N & 
RESISTANCE 
MEASUREMENT 
F,s.2S 
INSULATOR 
TEMPERRTURE SENSOR 
COOLER 
THE B/^Slc COMPONENTS OF THE 
ExPEftiMENTftL APPARATUS 
CONTROLLER 
CHART 
RECORDED 
«22ZZZ 
•INSULATOR DISC 
•MERCUR/ 
•STAINLESS STEEL 
•PTFEDiftPHR/iaM 
THERMISTOR 
THB^MAL CONDUCTINS 
PASTE 
COPPER BLOCK 
F I G 2 ^ 
THE IKISULATQI? SPECIMEN 
)CflLE 
98. 
UJ 
3 
o 
« 
31 
> 3 S w .^ ia 
i ^ « X t-
= £ ui = «> t J «- *• >* 3 o a. 3 - i - I o o -J o 
5 
z 
m 
u. 
h-
ui A • h o 
z 
^ UI 
in 
«: 
« s i i 
^ ft- £ 
z; lu tu i[ 
3 g a —» 
1 I ^"^ 
i tJ tr « 
3 lu ut <C 
at 
UI 
ft. 
5 « S ! 
a: -4 
CS! 
<5C 
I 
U4 
UJ 
iff « 
X 
ft. 
Of 
5. z 
<x. 
Ul 
- I Ul 
N 
o 
l ~ 
a: 
Z 
CM 
2 
O 
on 
99. 
(A 
a. 
< 
CC >-
z 
ui 
CSC lu 
m 
v3 
V 
- J O 
ft t> <f 6= 
7 ^ w> 3 = 'W) eg 
H y y 1/1 
101. 
6 6.A. Rot> / 
PTFE lue>E 
BRASS WING' 
TUNGSTEN 
PROBE 
I ! 
777?:] 7 7 7 7 
LEVEL ADTMSTIMS 
SCREW 
SCALE : 2 X F. S. 
ylV/TH CoNOUCT/wa'Af?flLI)ITe' 
' I G . 3 ^ THE ELECTRODE PROBE HOLDER 
DIMENSIONS m m. 
THE ELECTRODE P^IERN ON IMSULATORS 
{ 2AU6J974 
1 0 2 . 
3.1 The Mechanical Design of the Gondenaation Cell 
The "condensation c e l l " designed by Davies (20) i n I963 for optical 
studies of condensation on gold, was used as a basis f o r the present 
design. Bavies used carbon dioxide cooling, and obtained temperature 
control with a s t a b i l i t y of "better than i 0.003*^0". The present apparatus 
has a 'Peltier - e f f e c t ' thermoelectric cooler and a controller whose 
s t a b i l i t y i s primarily determined by the temperature sensor (a precision 
thennistor). The "temperature-equivalent" s t a b i l i t y of the controller, 
assuming a perfectly stable sensor, i s ^  5 x 10~^ °C. 
Most dew-point hygrometers have a. metallic deposition surface, arid 
the temperature sensor i s mounted i n the metal just beneath the sxirface. 
The error due to temperature drop i n the metjal rrtay generally be neglected 
because most instruments use s i l v e r or copper, which have a high thermal 
conductivity. The present work has an e l e c t r i c a l insulator as the de-
positio n surface, which has, a low thermal conductivity and therefore a 
large temperature gradient. The design of the apparatus was influenced 
to a great extent by the problems caused by the low thermal cpnductivity 
of the insulator. The insulator must be as t h i n as possible f o r thermal 
consideration!!, yet must re t a i n a high bulk e l e c t r i c a l resistance., A 
second problem associated with the use of an insulator and the low 
rates of heat transfer, was, to reduce the heat conducted to the surface 
from the electrode probes. 
A f u l l size section through the condensation c e l l i s shown i n 
Fig, 50, tehilst Figs. 52 and 53 are photographs of the c e l l and optical 
system, and the c e l l with the cover assembly removed. Referring to 
Fig, 30 i t isseen that the thermoelectric cooler i s bolted to an 
aluminium baseplate. The dimensions were 12ins. square and l i n s , thick. 
The baseplate, together with a finned aluminim heat sink on the under-
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side, act as the "hot-face" heat sink f o r the cooler. 
I t i s desirable to keep the deposition surface as small an area as 
possible, f i r s t l y to reduce the amount of gas necessary to form a 
deposit, and secondly to minimise the temperature gradient across the 
surface. The dimension chosen fo r the present work was 13n»n diameter 
•because t h i s was the smallest size of glass disc commercially available. 
The "cold-face" of the thermoelectric cooler i s 40mm square and has 
small, but unacceptable, temperature gradients across the surface. 
The copper block serves a number of purposes; i t 'averages' the temperature 
gradients across the cooler surface, and i t colliraates the thermal 
conducting path to the small area of the insulator disc, 
A very t h i n smear of silicone thermal conducting paste was applied 
between the cooler and the baseplate and also between the cooler and the 
copper block. The cooler was bolted onto the baseplate, whilst the copper 
block was held to the cooler by means of an aluminium clamp r i n g and 
nylon nuts and bolts. The nylon bolts were chosen so that an uneven 
heat conducting path between the block and co6ler was avoided. 
Considerable attention was given to the design of the upper section 
of the copper block (see f i g . 29), where thermal contact was to be made 
' with the glass disc (or other insulator material). The thermistor 
teraperattire sensor was mounted i n the centre of the copper block and a 
small hole v e r t i c a l l y downwards connected with another hole such that the 
leads from the sensor were taken out of the block 20mm beneath the 
svirface. The 'thermistor lead duct' was f i l l e d with thermal conducting 
paste. This arrangement minimised thermal gradients across the copper 
STirface, and ensured that heat conduction through the thermistor leads 
would have a negligible effect on the upper section of the block. 
The f i r s t design had a 2 ram thick copper disc mounted above the block. 
lOA. 
The glass disc was held on the surface of the copper disc by presstire 
exerted by the electrode probes. The glass disc, 0.1mm thick, was 
fotind to warp near the electrode contact positions and a poor thermal 
contact was made. (An a i r gap of 0*01ram i s s u f f i c i e n t to cause a tempera-
ture gradient of 0,2 C). Thermal conducting paste was smeared on the 
underside of the glass disc and a better contact was made. Unfortunately 
the paste, based on silicone grease, was capable of creeping onto the 
upper surface of the glass disc and only the slightest amount of any 
contamination was believed to a l t e r the glass characteristics 
considerably. A second problem was that the paste has a thermal 
conductivity comparable with glass, and i t was not possible to maintain 
a constant paste thickness beneath the glass for each specimen. Thus 
the temperature gradient was not repeatable for each test. Although 
no conclusive evidence of surface contaamination by grease was obtained, 
i t was decided to modify the system so that no grease was used. 
The second, and f i n a l , design was based on the use of mercury 
between the glass disc and the copper block. Mercury attacks copper, 
so a stainless steel 'cup' was used to contain the mercury. Fig. 29 
shows t h i s arrangement. The steel cup was mounted on the copper block 
with silver-loaded conducting Araldite. Only the Araldite hardener was 
used so that the surfaces could be parted when necessary. The quantity 
of mercury was chosen so that when the glass disc was just touching 
the rim of the 'cup', the mercury completely covered the glass above 
the cup. Again, the pressure of the electrode probes maintained the 
glass i n position. This seoond design suffers from the disadvantage 
that mercury and stainless steel are poorer thermal conductors than 
copper, nevertheless the system was repeatable f o r each specimen and the 
temperature gradient was experimentally obtained, and was constant 
for each series of tests. 
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A ' l i p ' on the upper surface of the copper block supported a PTFE 
e.ealing diaphragm which isolated the humid, gas from the lower part of, 
the apparatus. The outer part of the condensation c e l l was alurainiura 
which was bolted onto the baseplate. An aluminium disc supported the PTFE 
diaphragm and an 'O'ying ensured a good seal. Holes were d r i l l e d through 
the lower aluminium body to take cables to the cooler and thermistor. 
Holes through the upper body carried cables to the electrodes, and 
were also used as gas outlet ducts. A removable cover assembly con-
sisted of an aluminivun flange supporting a cyl i n d r i c a l glass window sni 
glass gas i n l e t tube. The top of the cover contained a square glass 
window 0.25mm thick which was the viewing window for the miciroscppe. 
A l l aluminitun parts were <modised to provide a stable surface, 
A thermal analysis of the ax-rangement supporting the glass specimen 
(see following section) showed that considerable care was necessary i n 
designing the electrode probes. The i5roblem to be overcome was that the 
heat conducted to the surface by the probes would cause an imeven tempera^ 
ture d i s t r i b u t i o n across the surface. The f i r s t electrodes t r i e d were 
'1 thou' diameter wires (O.025mm) which were fastened to the s i l v e r 
electrodes on the glass surface with cbnducting Araldite. The gradient 
of surface temperatvu'e was excessive, and a region of 2 to ^ vm diameter 
was seen around each electrode probe where no dew formed. The second 
system was f i n e l y drawn glass tubing l i g h t l y coated with s i l v e r on one 
side. The contact area was small, and the siirface teraperattore gradient 
was negligible. Unfort\mately, the stress i n the glass probes,when 
applying pressure to the insulator spec:imen,was s u f f i c i e n t to crack 
the silvered region. Intermittent contact was found during most ex-
periments using 'glass' electrodes and they were f i n a l l y abandoned i n 
favour of "microelectrode probes" designed f o r medical research. 
The probes were made from ttingsteh and tapered to a t i p radius of 
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2^m, A FTFE tube supported each probe and the PTPE was mounted through 
bras8 rods. Fig, 34 shows a diagram of the entire probe structure, 
whilst f i g . 35 i s a photograph of the system. A screw was mounted i n 
a tapped hole i n the 'wing' of each brass rod. This screw enabled the 
probe to be raised and lowered onto the, surface. The fvirthest extent 
of the probes was 15nira above the surf ace, which was stiff i c i e i i t sjpace 
i n which to remove and replace the glass specimens. 
The position of the gas i n l e t nozzle was adjusted m t i l surface 
cooling produced an even size of dew deposit over the entire surface. 
The position of the nozzle i n f i g . 32 i s on the side furthest away from 
the camera, and i s facing the camera.The height of the viewing window 
was determined by the working distance of the microscope objective 
( 2 0 m m ) , 
5 . 2 A Thermal Analysis of the Cell 
The purpose of t h i s section i s to calculate the temperature gradients 
through the components which connect the glass specimen stirface with the 
thermistor. The section also describes the methods used to maJLe a 
direct measurement of the sxirface temperature. 
The thermal energy input to the copper block comes from five sources, 
i ) Convection transfer from the gas, Q 1 . 
i i ) Radiation transfer from the surroundings, Q 2 , and radiation from the 
il l u m i n a t i o n system, 
i i i ) Conduction through the electrode probes, Q3» 
i v ) Conduction through the PTFE diaphragm, Q4 , and through the earth 
lead, Q5 
v) Energy released from the condensing water, Q 6 . 
The energy inputs w i l l be studied f o r typical experimental conditions. 
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The gas flow i s 1ra/sec, and the gas temperature, Ta , i s 2(f C whilst 
the surface temperature, Tw» i s 4.5°C. The surface diameter i s IJram, 
and hence the area,As, i s 1 . 3 c m ^ . 
i ) Q.1 from the nitrogen gas flow 
Ql = K i . As. (lo -Tv) 
Where hx i s given by equation ( H )in chgipter 5» [Uoie, x = l ' 3 c m ) 
Q l = 6 5 mW 
i i ) Q2 from the surroundings 
0.2 = Fs . A s . 6s . C T B ( T a ^ — T W ^ ) 
V/here Fj , the'ishape factor', i s 0 . 5 f o r a hemisphere 
6s the emissivity, i s 0 . 0 2 f o r s i l v e r coated glass 
<3-g the Stefan Boltzmann constant i s 5 . 6 6 x 10^J/m^s°K'^ 
The surroundings are assuined to be at the gas temperature. 
az = 0' 12 
The heat transfer from the ill i u n i n a t i o n source i s discussed i n section 
5 . 7 » but i s believed negligible compared to other energy inputs. 
i i i ) Q3 from the electrode probes 
The tungsten probes have a t i p radius of 2/jm, and the contact area i s 
- 1 2 2 
assumed to be 3 x 10 'ra with the surface. 
03 = kr . Acs . (Tg -Tw) per probe 
IT 
Where:- R T , the thermal conductivity of tungsten i s l63W/m^ C 
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Acs » ^ he contact area i s 3 x lO^^^ra 
i t , i s the path length of the temperature gradient I n the 
probe. This is similar to i^ i n section 3 . ^ and i s taken as 
l-7mm at the centre of the surface. 
The probe t i p i s assumed to be at the wall temperature although t h i s 
cannot be true because of the low conductivity of the glass. The approxi-
mation, however, i s s u f f i c i e n t l y accurate for the present analysis. 
Q 3 = 0 - 0 0 1 m W ((^or t w o p r o U s ) 
(Por ' 1 thou.' wire discussed i n sectionS.I , 
i v ) Q4 and i^5 from the diaphragm and earth wire 
Q4 _ 2 . 7r. k p . ( T o - T w ) . j p . f o t the PTFE 
In Wr> 
'//here kp , the thermal conductivity of PTPE, i s 0.2W/m*C 
jp , the PTFE thickness, i s 0 .5 ram. 
Tz. and f i are the outer and inner r a d i i of the diaphragm and are 
ISnun and 6.5iiBn respectively. 
The conduction through the earth wire (44s.u).j. copper) to the steel cup is:-
v) 0,6 the 'latent heat' of condensation 
The rate of mass transfer i s given by equation (37)in Chapter 3« 
m 00 = 1 .01 x / U r X ( T s - T w ) c tn^, sec" 
I f ( T s " " T w ) ' = rC sub-cooling, and U s =^  1 m/sec 
Then ryi„= \'3^cj Jsec on the surface. 
Now, the latent heat of condensation of water i s 2500J/gm. 
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Thus Gi6 = 3 -25 rr^ W for 1**C sub-cooling. 
-//-
The energy inputs to the block are shown i n f i g . 36. 
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The thermal path between the free,glass surface and the thermistor 
consists of 
i ) O'Um glass 
i i ) 2 mm mercury 
i i i ) I mm stainless steel. 
The temperature gradients are calculated f o r an assumed energy input 
of 68mW to the glass surface. 
i ) The temperature drop, Tgl i n the glass disc 
kg{ , the glass thermal conductivity i s 0.8 W/mPC 
Thus Tat _ 0-068 X 0-U 10"^ t 
^ 0-8 V 1-3X 10--^  
T^l = Q'0^5 'C 
i i ) The temperature drop. Tme. i n the mercury 
1 1 0 . 
m^e, the mercxiry thermal conductivity i s 8.2W/m?C 
Thus Tme = Q-128 "C 
i i i ) The temperature drop, Tss. i n the stainless steel 
kss > •tbe stainless steel thermal conductivity i s 16.3W/ffl?C 
Tss - 0- 032 X 
The above calculations asstirae that the heat conducted to the block by 
the diaphragm and earth wire has a negligible effect on the energy 
throughput of the upper section of the conduction path. 
The t o t a l temperature drop between the surface and the thermistor i s 
0.225 ° C f o r the defined conditiqns. 
Experimentally i t was very d i f f i c u l t to measure the siirface temperature 
of the glass because temper&txu?e probes on the surface introduce heat by 
conduction and l o c a l l y a l t e r the temperature. Nevertheless, direct 
temperat\ire measurements were made with a sub-rainiature thermistor and 
were subsequently used as the c a l i b r a t i o n values. 
An I.T.T. thermistor type U23UD, 0.4inm diameter with leads O.G25mra 
diameter, was calibrated i n the second gas saturator flask (see section 
5.4) at a temperature of 4.4°C. T'he temperature of t h i s flask was taken 
as the temperature 'standard' f o r the present work. The mercury-in-glass 
thermometer i n the flask was readable to approximately 0.02°G, and the 
flask was controlled at a temperature taken to be 4.40°C. The thermistor 
resistance was measured with the bridge developed f o r the condensation 
c e l l c o ntroller. 
The thermistor was then motinted inside the steel 'cup' i n the 
condensation c e l l , and was p a r t i a l l y embedded i n "conducting Araldite" 
hardener. A Im/sec. dry gas flow was directed across the 'cup', and the 
temperature was reduced i n controlled steps. A switch was arranged so 
that the bridge could quickly change from the control thermistor i n the 
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block, to the ca l i b r a t i o n thermistor on the surface. When the controlled 
temperature was set such that the calibration thermistor had a resistance 
equal to the value f o r 4.40°C, the control thermistor resistance was noted. 
A glass specimen was mounted i n the condensation c e l l , and the 
ca l i b r a t i o n thermistor was attached to the upper surface. Again, the , 
thermistor was p a r t i a l l y embedded i n a small drop of conducting Araldite 
hardener on the surface. The leads from the thermistor were l a i d across 
the surface, and i n contact with i t so that lead conduction to the 
thermistor would be minimised, A 1m/sec. dry gas flow was directed 
across the glass, and the temperatxire was adjusted to obtain the calibra-
t i o n resistance of the thermistor* This test was repeated a number 
of times f o r d i f f e r e n t thermistor positions and mounting arrangements. 
The ca l i b r a t i o n temperatiire was taken to,be the lowest repeatable value. 
The temperature drop through, the mercury and glass was found to be 
0.30"c. The value calculated above,T^/ +"^16 , Was 0,193°C. Tlie manu-
facturer's c a l i b r a t i o n curve f o r the control thermistor (quoted as 
i 0.2°C) was modified i n accordance with the calibration carried out 
with th? sub-miniature thermistor. 
The main experimental error involved i n the calibration proGes«dure i s 
considered to be due to the thermal contact between the thermistor 
and the glass. Nevertheless, i t i s considered that the experimental 
determination of the temperature gradi^^nt through the glass and mercury 
i s more r e l i a b l e than the theoretical value which i s largely determined 
by the convective heat transfer. The practical gas flow system i s at 
an angle to the siarface (to obtain an even dew deposit) and w i l l therefore 
have s l i g h t turbulence, and a modified heat transfer. The experimental 
measurement errors are l i k e l y to be an overestimation of the surface 
temperature; whilst the effects of gas turbulence would be to increase 
112. 
the heat transfer and cause a greater temperature drop. Hence the true 
gradient i s thought to be between the measured and theoretical values, 
but the former i s based on the stronger evidence. 
5 . 3 The Temperature Measurement and Control System 
The dew-point, by d e f i n i t i o n , i s a temperature dependent phenomenon 
and the purpose of the experimental work i s to cool the insulator i n 
controlled temperature steps through the ' c r i t i c a l value'. Clearly, 
the measurement and control of temperature i s fundamental to the experi-
mental work, and much attention has been given to the subject. 
Davie's work ( 2 0 ) achieved a temperature s t a b i l i t y of - 0 . 0 0 3 C, and 
i t was therefore decided that the control system f o r the present v/ork 
should equal, or improve on, t h i s performance. The thermal analysis 
of the previous section shows a r e l a t i v e l y large (0.5°C) temperature 
gradient between the sensor and the surface. The present work has 
therefore adopted the philosophy of calibrating the surface temperature 
against a 'standard' as f a r as was possible, and maintaining a s t a b i l i t y 
sind resolution better than the absolute measurements. Mariy of the 
experiments were of a comparative nature, thus the absolute temperatuie 
measurement was not so important as the repeatability, resolution and 
s t a b i l i t y . 
A thermistor was chosen as the temperature sensor due to the good 
s e n s i t i v i t y and s t a b i l i t y of 'curve - matched' types. A recent survey 
by Swartzlander ( 6 7 ) compared the characteristics of f i v e types of 
e l e c t r i c a l teraperatiire sensors and concludes that the thermistor has the 
highest figure of merit (defined a,s s e n s i t i v i t y / s t a b i l i t y ) . The 
+ 0 
s t a b i l i t y was quoted as -O.O5 C per year, and compares well with platinum 
resistance elements of io . 03°C per year. Richards ( 6 8 ) quotes thermistor 
0 0 d r i f t s of less than 0 . 0 0 1 G over "several hours" and less than 0 . 0 1 C 
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over "many weeks", Por the present work, the thermistor has the advantage 
of small size and convenient mounting when compared with a platinum 
resistance element, fo r example. 
The thermistor chosen was a Fenwal type UUA 35 J1 which has a 
resistance of 5k at 25°C and 16,325k at 0°G, The resistance s e n s i t i v i t y 
0 , 0 
at 0 C i s 5.2% per C. The thermistor has a calibration curve of re-
sistance against temperature with a quoted accuracy of 0,2°C, The 
choice of thermistor resistance was based upon a nvunber of factors. I f 
the resistance i s high,>50kiJ.,it has a high noise figure i n a bridge 
c i r c u i t , and i s also very susceptible to stray pick up (e.g. 50Hz mains). 
A high resistance f a i l s to swamp the capacitive reactance i n cables which 
connect i t to an a.c. bridge, and phase displacement occurs. Low re-
sistance thermistors,<Ikxi,are affected by termination and cable re-
sistance, and sacr i f i c e s e n s i t i v i t y i n order to reduce self heating due 
to the low resistance. The temperature versus resistance curve f o r a 
thermistor i s non-linear (approximately logarithmic) and so too i s the 
s e n s i t i v i t y curve. A l l temperature meas-urements are therefore based 
upon c a l i b r a t i o n curves* 
Por precision measurements,an a.c. bridge i s preferable to a d.c, 
technique because i t eliminates thermo-electric emf's, and may be operated 
with greater gain s t a b i l i t y . The type of a.c, bridge design chosen was 
a conductance bridge similar to that used by Richards (68) , A phase 
sensitive detector, P.S,D,, followed the bridge and served two primary 
purposes. F i r s t l y , i t indicated the p o l a r i t y of the bridge unbalance 
signal, and secondly i t selected the excitation signal even when 'buried' 
beneath considerable interference and noi^e. 
Fig. 37 i s a block diagram of the temperature measiurement and 
control system, A complete c i r c u i t description i s given i n Appendix 2 
together with some performance data. 
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The E5et-point rt?aistfince corresponding to the desired c o n t r o l l e d 
tempRrature was selected on a p r e c i s i o n decade resistaxice box. The 
'coBTse current c o n t r o l ' sets a given current f o r the thermoelectric 
cooler,and the temperature i s reduced to values close to the se t - p o i n t . 
The c o n t r o l c i r c u i t i s then switched 'on' and the pr o p o r t i o n a l + 
i n t e g r a l c o n t r o l a u t o m a t i c a l l y sets the loop such that zero output from 
the.P.S.D. i s achieved. A cha r t recorder and d i g i t a l voltmeter record 
the output s i g n a l o f the P.S.D. and i n d i c a t e the bridge balance. 
The c o n t r o l l e r waa designed to give a f a s t response time to a set-
p o i n t v a r i a t i o n , but wa.^  capable of making the change w i t h no temperature 
overshoot. Any overshoot a t temperatures near the dew-point may cause 
condensation prematurely, and was avoided by switching an extra 'time 
constant' i n t o the i n t e g r a t o r when necessary. 
With no c o n t r o l l e r i n c i r c u i t , the copper block 635^  time constant 
was measured as 4.7 minutes. The contx'oller allows the temperature to 
cool t o w i t h i n 10^ b of the s e t - p o i n t i n 5^ iaeconds. Appendix. 2 shows 
the r e s u l t s i n greater d e t a i l . When the bridge i s used i n the most 
s e n s i t i v e mode (highest gain) the output of the P.S.D. i s maintained 
w i t h i n a peak to peak band of ilmV. This corresponds to approximately 
-3 X 10~^°C peak t o peak d r i f t . This s t a b i l i t y was maintained during 
the longest recorded t e s t o f 30 '^o'uxs. 
3.4 l i t e Gas Conditioning System 
The purpose of the gas c o n d i t i o n i n g system was to obt a i n a, gas 
supply w i t h a constant humidity. The ' c a r r i e r gas' was chosen to be 
n i t r o g e n from a high pressure c y l i n d e r . Nitrogen was prefered to a i r 
because i t i s a s i n g l e component gas and thus f a c i l i t a t e s c a l c u l a t i o n s 
of heat t r a n s f e r . Nitrogen i s also an inert,gas on a wet glass surface. 
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The n i t r o g e n i s I n i t i a l l y very dry i n the c y l i n d e r , and measure-
ments i n the condensation c e l l have i n d i c a t e d a ' f r o s t - p o i n t ' of a.pproxi~ 
ma.tely -20^0, The gas c o n d i t i o n i n g system was, t h e r e f o r e , required t o 
increase the water vapour content and maintain constant humidity. The 
chosen dew-point temperature f o r the experimental work was i n the region 
of 4°G, ( f i n a l l y set at 4.4°c). I f the dew-point was lower, then the 
p o s s i b i l i t y , and complications, of f r o s t formation existed. I f the 
dew-point was set too close to ambient temperatures then vapour s o r p t i o n 
i n the tubing and associated apparatus would reduce the dew-point at the 
c e l l . 4°^' was considered t o be a compromise value. 
The f i r s t gas c o n d i t i o n i n g system which was t e s t e d , passed the n i t r o g e n 
across a large surface area of saturated p o t a s s i m acetate at constant 
temperature. Saturated s a l t c o n d i t i o n i n g systems axe generally most 
s u i t a b l e f o r closed loop gas f l o w s , and the open loop flow of 0.7f/minute 
i n the present work created two problems. F i r s t l y , the saturated s a l t 
s o l u t i o n d r i e d out during a three to f o u r hour t e s t and consequently the 
dew-point decreased from i t s o r i g i n a l temperature of 4.4°C. The second 
e f f e c t v/as t h a t a very s l i g h t white deposit was seen on the i n s u l a t o r 
specimen a f t e r f i v e or s i x hours exposure to the gas stream. This 
deposit was believed t o be potassium acetate and would t h e r e f o r e , con-
si d e r a b l y a l t e r the surface p r o p e r t i e s . 
The second, and successful, gas c o n d i t i o n i n g vsystem was based on 
s a t u r a t o r designs i n a number of papers i n Reference (69), and on the 
c o n d i t i o n i n g system described by Wylie (70). I n essence, the method 
i s t o bubble the n i t r o g e n through water a t the desired dew-point 
temperature. F i g , 58 shows the e n t i r e gas c o n d i t i o n i n g system. The 
gas from the c y l i n d e r passed through a U tube packed w i t h cotton wool 
to f i l t e r s o l i d i m p u r i t i e s from the gas. Wire gauze i n the tube retained 
the c o t t o n wool. The gas f l o w r a t e was measured by a rotameter f l o w 
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gauge which was c a l i b r a t e d from 0 to 2.5 //minute at N.T.P. 
The gas flow Into the saturators was pre-cooled i n a one metre 
length of copper tube which was c o i l e d inside the water bath. The gas 
passed through two i d e n t i c a l saturators,which were one l i t r e f l a s k s 
c o n t a i n i n g d i s t i l l e d water. 'Bubblers' were s i t u a t e d near the base of 
the f l a s k s and the bubbles passed through a water path length of 12cm 
i n each s a t u r a t o r . A l l tubing was glass or polythene apart from the 
o u t l e t pipe of the second f l a s k which was brass. Following the sugges-
t i o n s of Wylie, the o u t l e t pipe was heated to stop condensation. The 
'heater' consisted of s i x 100a,2 Watt r e s i s t o r a connected i n p a r a l l e l 
around the pipe. The temperature was maintained at 35^0 w i t h a t o t a l 
power i n p u t of 1,5 Watts. 
The f l a s k s were contained i n a controlled-temperature r e f r i g e r a t e d 
water bath. Thermometers monitored the temperature of the water i n 
each f l a s k . The gas pressure i n s i d e the f l a s k s was monitored by an o i l 
manometer conta i n i n g 'Apiezon B'. A glass c a p i l l i a r y tube was inserted 
i n the supply tube to the condensation c e l l to s t a b i l i s e the flow r a t e . 
The pressure d i f f e r e n c e between the gas i n the sat t i r a t o r s and 
atmospheric pressure a l t e r s the dew-point temperature of the gas i n 
the condensation c e l l . The pressure i n the c e l l i s assumed t o be atmos-
pheric ( f o l l o w i n g l y l i e ' s assumption). Thus the dew-point temperature 
i s higher than the water temperature by an amount p r o p o r t i o n a l to the 
pressure. 
With a gas flow of 0.7 l/rainute, ( f o r 1 m/sec v e l o c i t y ) , the manometer 
records ^ma depression. 'J-'he t o t a l gas pressure increase i s given by the 
I)roduct of the depression, 4 x 10""^ m, the o i l density, 872 kg/m5, and 
the g T a v i t a t i o n a l constant, g -• ^ »8^ m/sec^. Thus 4nim depression represents 
a pressure increase of 34.2 Pascals, which i s a 5»57 x 10" per cent 
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increase above atmospheric pressure. The vapour pressure i n the c e l l i s 
thus decreased by t h i s percentage. I f the water temperature i s 4.40°C,the 
s a t u r a t i o n vapour pressure ( r e f , ( l ) } i s 856.20 Pascals and the vapour 
pressure decrease i s 0,28 Pascals, The corresponding dew-point decrease 
i s 0.005°C below the s a t u r a t o r water temperature, 
A gas f l o w of 2,0 /[/minute gives a 40ram depression which corresponds 
to a dew-point of 0.05°C below the water temperature. 
5'!^ The I n s u l a t o r Specimens and t h e i r Preparation 
The experimental work i n i t i a l l y set out to measure the surface 
resistance of soda-lime glass. Tests were subsequently made on pure 
s i l i c a , " p o l y t h e n e and*Melinex* The glass was "Chance CMD soda-lime-
s i l i c a " i n the form of microscope cover s l i p s diameter and 0,1mm 
t h i c k . The glass composition i s quoted i n section 2..^. 
Methods of cleaning glass have been reviewed by Holland (14). The 
t e s t of cleanness was taken t o be the a b i l i t y of the surface to allow 
complete w e t t i n g by water. The present procedure was t o immerse the 
specimen i n a beaker of i s o - p r o p y l alcohol inside an u l t r a s o n i c cleaner. 
The specimen was subjected t o two periods of f i v e minutes a g i t a t i o n , the 
second a g i t a t i o n was i n f r e s h i s o - p r o p y l alcohol. The procedure was 
then repeated w i t h two f i v e minute periods of a g i t a t i o n i n d i s t i l l e d 
water. Most specimens showed complete or p a r t i a l w e t t i n g w i t h water 
a f t e r the second wash. The specimens were dried at 55°C, 
The above cleaning procedure was also used w i t h the s i l i c a specimens, 
but the polymers were cleaned i n soapy water and rinsed i n d i s t i l l e d 
water, 
A concentric s i l v e r electrode p a t t e r n was evaporated on one surface 
of each specimen. F i g , 55 shows the electrode dimensions. The s i l v e r 
evaporation was c a r r i e d out i n an 'Edwards Coating Unit Model 12E5' 
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at a pressure of 4 x 10"^Torr. A mask prot«9ct«d the i n t e r e l e c t r o d e 
area during the evaporation,and small studs ensured t h a t each specimen 
waa c o r r e c t l y p o s i t i o n e d on the mask. The f i r s t mask designed f o r t h i s 
work allowed s i l v e r t o reach the edge of the specimen surface. A leakage 
path was created between the outer electrode and the earthed structxire 
beneath the specimen, and s e l f h eating occurred when a p o t e n t i a l was 
applied to measure the surface resistance. The leakage resistance was 
approximately 10J3. and the applied voltage w a s 8 v o l t s peak-to-peak at 
4 seconds per cycle. The heat generated caused the temperature c o n t r o l l e r 
t o o s c i l l a t e a t the same frequency. The problem was overcome by l e a v i n g 
a space between the outer electrode and specimen *dge. 
Some t e s t s were made on glass w i t h a f i n e l y ground surface. This 
was produced by g r i n d i n g the glass i n dry s i l i c o n carbide w i t h a mesh 
size of 600 g r i t . E x t r a cleaning was used to remove any g r i t l e f t on 
the surface. 
The s i l i c a specimens were prepared by c u t t i n g 13nim diameter discs 
from t h i n walled bulbs blown ( w i t h compressed a i r ) from tubes of s i l i c a . 
The specimens were s l i g h t l y dished, and contained a number of scratches 
caused by debris d u r i n g the edge g r i n d i n g procedure. The thickness was 
0.25mm. 
The polymer specimens were cut from sheets of the m a t e r i a l 0.25iran 
t h i c k . Thinner discs of the m a t e r i a l were foxuid to warp when pressed 
onto the mercury. 
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5.6 The Surface Resistance Measurement Techniques 
The review i n Chapter 2 s e c t i o n 2.8 has indicated some of the 
problems of measuring the surface r e s i s t i v i t y of glass. The main problem 
to be overcome i s e l e c t r o l y s i s , and t h i s i s achieved by using a.c, 
voltages and maintaining a low c u r r e n t d e n s i t y on the surface. 
For the present experimental work i t was necessary to record the 
resistance continuously so t h a t the time dependent phenomena of chemical 
a c t i o n or condensation could be studied. The measurement p r i n c i p l e was 
to apply an a.c, voltage across the specimen, and record the current by 
means of a chart recorder. 
The a,c. voltage was set as low as possible to reduce the c u r r e n t 
and hence minimise e l e c t r o l y s i s , 8 V o l t s peak-to-peak was s u i t a b l e f o r 
most t e s t s . The choice of frequency i s a compromise between a number of 
f a c t o r s , Salthouse and Mcllhagger (57) suggest frequencies between 
50 and 1000Hz t o reduce e l e c t r o l y t i c e f f e c t s . 
The measured impedance system c o n s i s t s , b a s i c a l l y , of a p a r a l l e l 
surface r e s i s t a n c e and capacitance which are i n series w i t h the electrometer 
i n p u t . These values are shunted by the bulk glass resistance and capa-
citance between the electrode and the earthed mercury, I d a and Kawada 
(71) have measured the low frequency (down to 1Hz) capacitance of soda-
lime glass a t various h u m i d i t i e s and d i f f e r e n t electrode gaps. Their 
r e s u l t s show t h a t the surface capacitance r a p i d l y r i s e s at frequencies 
below 100Hz, and a t t r i b u t e d t h i s to electrode p o l a r i s a t i o n . The present 
work has shown the measured c u r r e n t t o increase w i t h decreasing frequency. 
Thus the shunt capacitance must swamp the surface impedance at higher 
frequencies. 
I n a t y p i c a l t e s t on glass a t 7,7°C,the impedance a t 10Hz was 
12 12 1.14 X 10'A/square, w h i l s t a t 15Hz i t was 3,82 x 10 A/squaxe, At 
5.5°C the 10Hz impedance was 1,22 x 10^ A/square, and a t 15Hz i t was 
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1.31 X 10^^/sciuare. deducing the frequency to 0.25 Hz, g r e a t l y extenrled 
the xipper range of 'resi staiice' measurement. Tests at 10 ^ Rn. showed a 
n e g l i g i b l e d i f f e r e n c e i n raea.sured cuirrent at 10 Hz and 0.25 Hz. When 
the 'resiatance* increased above 10^\a the difference became more 
s i g n i f icajnt. 
Some measur-ements on glass near the dew-point (resistancealO^*^) 
were made a.t 10 Hz, because of the ease of recording the current. Most 
t e s t s , however, were made at 0.25 Hzpvhich wao shown to be more accurate 
at high resistances by c a l i b r a t i n g the system against Morganite high 
p r e c i s i o n (0,2^) h i g h value r e s i s t o r s . The i n t e r e l e c t r o d e capacitance 
was measvired w i t h a"Wayhe Kerr B221A"bridge at 1592 Hz. The capacitance 
was i n the order of 0.44 p f and changed by TFjo during the cooling and ' 
dew forming process. 
Figs. 31 to 33 show the physical layout of the electrode s t r u c t u r e 
and cables. The ca.ble e n t e r i n g the c e l l at the r i g h t hfuid side i s a 
mini a t u r e screened cable c a r r y i n g the a.c. from the o s c i l l a t o r to the 
outer r i n g of the sspecimen. The probe from the centre electrode connects 
to a polythene i n s u l a t e d wire which leads to the socket at the f r o n t 
of the c e l l . A copper box screened the cable and supported the socket. 
The cable connecting the socket to the electrometer was kept as short 
as possible and consisted of a 12mm diameter, polythene insulated coaxial 
cable which had the centre conductor replaced by a si n g l e strand of 
363Wg wir e . The shunt capacitance was reduced as f a r as possible by 
t h i n procesrdure. 
The instrument i n t e r c o n n e c t i o n to measure the stxrface resistance 
at 10 Hz i s shown i n f i g . 39» The electrometer was a 'K e i t h l y Instruments 
type 610B' and was operated i n the ' f a s t ' mode, i . e . the current sensing 
r e s i s t o r s are i n the feedback path of an a m p l i f i e r to produce a very low 
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i n p u t impedance and increased bandwidth. This mode of electrometer 
operation required the i n p u t terminals to ' f l o a t ' v/ith respect to mains 
ea r t h , and consequently the o s c i l l a t o r output was ' f l o a t e d ' . The 
o s c i l l a t o r was a "Test Waveform Generator type TWG50O" manufactured 
by 'Feedback L t d . ' . A l l t e s t s , apart from those on polymers, required 
an output voltage of 8 v o l t s p. to p. sinewave. The output of the 
electrometer was r e c t i f i e d by a 'Hewlett Packard type 5400 A, R.M.S. 
Voltmeter'. The R.M.S. voltage was recorded on one channel of a 'Servo-
scribe Potentiometric Recorder type RE 520.20'. 
The instrument i n t e r c o n n e c t i o n to measure the titirface resistance at 
0.25 Hz i« shown i n f i g . 40. The '0 t o 5 V o l t ' output of the electrometer 
was connected d i r e c t l y to the chart recorder. The chart showed a continuour 
trace of the sin u s o i d a l c u r r e n t , and was analysed by measuring peak to 
peak amplitudes. 
The r e s i s t i v i t y of the s u r f ace, expressed i n 'ohms per squai'e',was 
r e l a t e d t o the measured resistance by the 'shape f a c t o r ' of the electrode 
p a t t e r n . 
^ ^ . 7 r , R5 
n 
Where yO^ i s the surface r e s i s t i v i t y . 
Rs i s the sui'face resistance. 
To i s the i n s i d e radius of the outer electrode. 
Ti is the radius of the inner electrode, 
T,aking the dimensions shown i n f i g . 55 t^ie r e l a t i o n s h i p becomes: 
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3.7 The O p t i c a l Measurement System 
The purpose of the o p t i c a l system was to examine the growth of a 
dew deposit on the i n s u l a t o r surface. The size.of droplets at formation 
was c a l c u l a t e d i n se c t i o n 4.8, and shown to be i n the order of 0. l/im diameter. 
Davies (20) deduced values i n the same order. Unfortunately t h i s aize 
raiige i s too small f o r observation by conventional o p t i c a l microscopes, 
indeed the wavelength of v i s i b l e l i g h t i s i n the order of O.^m. A 
f u l l examination of the deposit i s therefore l i m i t e d to conditions a f t e r 
n u c l e a t i o n and some growth. 
Davies (20) has used an o p t i c a l technique to detect sraa.ll sized 
deposits hy measuring the amount of l i g h t scattered from the drop l e t s . 
The o p t i c a l d e t e c t i o n of scattered l i g h t was very s e n s i t i v e , but i n t e r -
p r e t a t i o n of the r e s u l t s required the assumption that the droplets were 
uniform i n size and t h a t a l l s c a t t e r i n g was from these d r o p l e t s . 
Furthermore the dr o p l e t s were considered to scatter l i g h t to the same 
extent as i s o l a t e d complete spheres. The l a t t e r assumptions are considered 
i n s u f f i c i e n t l y j u s t i f i e d to regard the method as capable of measxiring 
d r o p l e t size i n the region of nu c l e a t i o n . Indeed, Davies points out 
that the r e s u l t s axe mtaxkedly e f f e c t e d by the water-to-surface contact 
angle, and the r e l a t i o n s h i p i s "a d i f f i c u l t unsolved problem". The method 
also f a i l s to d i s t i n g u i s h between s c a t t e r i n g from formed drops, and 
s c a t t e r i n g from drops being nucleated i n p i t s . 
McCormick and Westv;ater (48) have used microscopy to study dr o p l e t 
growth. Tlie f i r s t stages of nuc l e a t i o n were beyond the r e s o l u t i o n of 
t h e i r microscope, but the method was se n s i t i v e enough to f o l l o w d r o p l e t 
growth from a small size i n s i d e a r t i f i c i a l p i t a , and di d not require 
the i n t e r p r e t a t i o n needed by Davies' work. McCormick's o p t i c a l system 
consisted of a microscope w i t h long working distance objectives and 
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was capable of g i v i n g a m a g n i f i c a t i o n up to x 400, Oblique l i g h t i n g 
of the surface was provided by a 900 Watt mercury lamp w i t h c o o l i n g 
f i l t e r s . 
A review of o p t i c a l techniques, i n c l u d i n g the two most rele v a n t 
works described above, has f a i l e d t o f i n d an o p t i c a l method of viewing 
the f i r s t stages of n u c l e a t i o n . The experimental method used i n the pre-
sent work has followed the techniques of McCormick and Westwater (48). 
Pig. 32 i s a photograph of the microscope and i l l u m i n a t i o n system. 
A l o n g working distance o b j e c t i v e was required because of the electrode 
probes and gas nozzle mounted above the i n s u l a t o r surface. A 'Beck 
R e f l e c t i n g Objective (x 15)' was attached to an 'Ealing S c i e n t i f i c 
Microscope Tube' which had rack and p i n i o n focusing. The eyepiece was a 
'Vickers Instruments, Compensating (x 20)', and an eyepiece micrometer 
was f i t t e d w i t h cross scales d i v i d e d i n t o 100 parts. The microscope 
so formed was c a l i b r a t e d on a 'Vickers Instruments' stage micrometer 
of 1mm d i v i d e d i n t o 100 p a r t s . The c a l i b r a t i o n showed t h a t one d i v i s i o n 
of the eyepiece micrometer was equivalent t o 4.85/;im. The t o t a l f i e l d 
of view was 620/um diameter and the r e s o l u t i o n (meastired on d i f f r a c t i o n 
g r a t i n g s ) was ^^m* 
The microscope was mounted on a very sturdy support frame and was 
able t o r o t a t e to view any p a r t of the i n s u l a t o r surface. The working 
distance of the o b j e c t i v e from the surface was found t o be 20mm. 
The method of i l l u m i n a t i n g the stxrface required much a t t e n t i o n . 
The thermal analysis i n s e c t i o n 5.2 shows t h a t the surface i s s e n s i t i v e 
to very small energy i n p u t s . The f i r s t attempt a t i l l u m i n a t i n g the 
surface used a 60 Watt tungsten l i g h t sotirce and a 25mm t h i c k water 
f i l t e r . The temperature increase of the sxirface was approximately 
2°C. The most s u i t a b l e l i g h t source was foTond to be a high i n t e n s i t y 
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stroboscope. A 'Dawe T r a n s i s t o r Strobotorch type 1202D' w i t h a 15 Watt 
f l a s h tube was operated at 40 flashes per second to give optimtun r e s u l t s . 
The du r a t i o n of each f l a s h i s quoted as 4 to 12 x 10*"^  seconds f o r the l i g h t 
t o f a l l t o 50^ ; of the maximum. The r a t i o of i l l u m i n a t i o n t o darkness 
was 1:2000. The temperature r i s e of the surface was approximately 
0.005'c. Pigs. 32 and 33 show the p o s i t i o n of the l i g h t source. A 
concave m i r r o r was fastened to the microscope support stand and focused 
l i g h t down to the surface. The optimum angle of i l l x i m i n a t i o n was found 
to be approximately 10°. 
The i n s u l a t o r surfaces were photographed through the microscope 
by a R o l l e i c o r d camera w i t h a microscopy attachment. I t was possible 
t o view the surface throiigh the attachment w h i l s t t a k i n g photographs. 
Pigs. 31 and 32 show the camera attachment mounted on the microscope 
eyepiece. The photography r e q u i r e d e x t r a surface i l l u m i n a t i o n and t h i s 
was achieved w i t h a s e r i e s of three flashes from a small 'electronic 
f l a s h gun' held close t o the i l l t m i n a t i o n window of the c e l l . The 
photographs (Pigs.&0to65 ) were taken on 'FP4' f i l m , a t f3.5 w i t h 
15 seconds exposure. 
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C H A P T E R 6 
Discuaaion of the Experimental I n v e s t i g a t i o n i n t o the Physical and 
E l e c t r i c a l G h a r a c t e r i a t i c s of Cooled I n s u l a t o r Surfaces 
This chapter describes the experimental work which was c a r r i e d out 
to i n v e s t i g a t e the e l e c t r i c a l and v i s u a l p roperties of cooled i n s u l a t o r 
surfaces d u r i n g the formation and growth of a dew deposit. Early work 
and theory reviewed i n Chapters 2 t o 4 i s compared w i t h the experimental 
r e s u l t s , and mechanisms are postulated, where possible, to e x p l a i n the 
observed r e s u l t s . The work i s p r i m a r i l y concerned w i t h soda-lime glass 
surfaces, a l t h o u ^ other m a t e r i a l s have been s i m i l a r l y investigated to 
consolidate the c h a x a c t e r i s t i c s s p e c i f i c to glass. 
Section 6.1 describes the experiments which were made by reducing 
the surface temperature by r e g u l a r temperature increments a t constant 
time i n t e r v a l s . Three basic phenomena were defined from the i n i t i a l 
t e s t s on glass and each i s f u r t h e r i n v e s t i g a t e d separately i n sub-
sections 6,1,1, 6,1,2 and 6,1,5. The section i s f u r t h e r subdivided to 
describe surface capacitance v a r i a t i o n (6.1.4) and f i n a l l y , the e f f e c t s 
of surface c u r r e n t and electrode m i g r a t i o n laxe discussed i n sub-sections 
6.1.5 and 6.1.6. 
Section 6.2 i n v e s t i g a t e s the time dependent d r o p l e t growth on 
constant temperature sub-cooled surfaces. The experimental work i s 
corr e l a t e d as f a r as possible w i t h the t h e o r e t i c a l work developed i n 
Chapters 5 and 4. Section 6.5 describes the p r a c t i c a l operation of the 
condensation c e l l as a dew-point hygrometer. F i n a l l y , s ection 6.4 i s 
a d e s c r i p t i o n of a series of photographs which i l l u s t r a t e stirface phenomena 
discussed i n other p a r t s of the chapter. 
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6.1 The Surface C h a r a c t e r i s t i c s of Glass Cooled by Regular Temperatxire 
Increments 
The experimental r e s u l t s quoted and discussed i n t h i s s e c t i o n were 
obtained by f o l l o w i n g a consistent experimental procedure. I n each 
t e s t , the i n s u l a t o r was i n i t i a l l y cooled to a constant temperature of 
approximately 8°C and, a f t e r s u f f i c i e n t time to reach a constant e q u i l i -
brium surface resistance, the temperature was f u r t h e r reduced by increments 
of approximately 0.3*^ 0 at regular i n t e r v a l s of 4 minutes. (5 minutes 
i n some t e s t s ) . The surface resistance was continuously monitored, 
and an o p t i c a l examination of the surface was also maintained. 
The dew-point, f o r the purpose of these t e s t s , was taken t o be the 
sa t u r a t o r water temperature w i t h c o r r e c t i o n s applied where necessary 
f o r a gas pressure d i f f e r e n c e (as discussed i n Chapter 5 s e c t i o n 5»4). 
For most t e s t s , the dew-point temperature (corrected) was w i t h i n the 
range 4.35°C to 4,40°C; although i n any si n g l e t e s t , o r repeated sequence, 
the value was maintained t o w i t h i n the s a t i i r a t o r thermometer r e s o l u t i o n 
of 0.02°C. The gas fl o w r a t e across the surface was 0.7 l/min. which 
corresponds t o a v e l o c i t y o f 1m/sec. The temperat\ire increments were 
made by decreasing the thermistor resistance set-point by 200n. per step, 
and the c o n t r o l l e r acted to regain the new set-point e q u i l i b r i u m t o 
w i t h i n 2ji i n less than 1.5 minutes. The time i n t e r v a l of 4minutes per 
temperatvire step was thus s u f f i c i e n t l y l o n g t o enable the surface 
r e s i s t i v i t y time dependence t o be accurately measured at each constant 
temperature. 
The primary aim of the experimental work was t o examine the surface 
c h a r a c t e r i s t i c s of f r e s h l y cleaned glass specimens. I n order to c o n s o l i -
date c e r t a i n r e s u l t s obtained from glass i t was necessary t o perform 
s i m i l a r experiments on other m a t e r i a l s . To i d e n t i f y the p a r t i c u l a r 
c h a r a c t e r i s t i c s o f sodar-lime glass which are of greatest i n t e r e s t i n the 
context of the present work the r e s u l t s of three successive coolings of 
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such a surface are described below. Discussion of the results w i l l be 
carried out l a t e r i n t h i s section. 
Fig. 41 shows the v a r i a t i o n of the surface r e s i s t i v i t y with surface 
temperature f o r three successive coolings of an i n i t i a l l y freshly cleaned 
glass surface. At the end of each cooling, the sxirface temperature 
was returned to ambient and the condensation c e l l was purged with dry 
nitrogen f o r at least 30 minutes. When the t h i r d cooling was completed, 
the specimen was removed and replaced by a second specimen prepared 
with the f i r s t . This second specimen was then cooled and the results from 
t h i s test wiere compared with the f i r s t to check that the gas conditioning 
system, and other equipment, had remained stable dtiring the test. 
The results of each test w i l l be described separately:-
i ) The f i r s t cooling (Refer to f i g . 41) 
At temperatures above 7°C there was a linear decrease of log. 
r e s i s t i v i t y with decreasing surface temperattire. When the temperature 
was reduced towards the dew-point the r e s i s t i v i t y f e l l less rapidly, 
0 
and at 4.8 C the r e s i s t i v i t y passed through a minimum and began to 
increase. At thi s point the surface was observed to become brighter 
as, presumably, a s l i g h t dew deposit grew. The 'deposit' size was 
below the microscope resolution of l^m. As the temperature was further 
reduced through the dew-point (4.55°C) the r e s i s t i v i t y continued to 
increase and individual droplets became discernible on the glass surface 
and on the s i l v e r electrodes. During t h i s region of r e s i s t i v i t y increase, 
the droplets began rapid coalescence when they were 1 to diameter. 
At 4.3°C the droplets were approximately diameter, but the coales-
cence events were less frequent. 
Further reduction of the surface temperature below the dew-point 
ca.used the r e s i s t i v i t y to pass through a maximvun and f a l l again. The 
r e s i s t i v i t y , at constant temperatures below the dew-point, was noticeably 
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time dependent, althoug?i t h i s was not found above the dew-point. The 
rate of droplet growth was greater when the tcmperattire f e l l , but 
coalescence was less frequent because of the small nvunber of large and 
well spaced droplets. Throughout the f i r s t cooling, the droplets 
forming on the s i l v e r electrodes were approximately one t h i r d of the 
diameter of those on the glass. The droplets on the s i l v e r were circular 
i n basal shape and had a contact angle of approximately 40°; the droplets 
on the glass were irreg u l a r i n basal shape and had contact angles from 
0°to 20°, aiid were often of d i f f e r i n g angles around a single droplet 
base. The droplets at any stage of their growth were a l l of approximately 
equal diameter. 
The curves plotted i n f i g . 41 sxe marked to indicate the temperatures 
at which various events were observed. 'D' represents the temperature 
at v/hich a deposit was f i r s t seen. 'T' represents the temperature 
below which the r e s i s t i v i t y , at each constant temperature, was markedly 
time dependent. Numbers placed beside the curves represent the average 
droplet diameters i n ' . 
i i ) The second cooling. 
The results of the second cooling are plotted alongside those of 
the f i r s t , and clearly indicate a considerably higher r e s i s t i v i t y at 
temperatures above the dew-point. The r e s i s t i v i t y again passed through 
a minimum but the temperature was 0,05°C below the dew-point, compared 
to the f i r s t cooling which showed the minimxim to occur 0.5°C iabbve the 
dew-point. The r e s i s t i v i t y also passed through a maximum, and again 
exhibited a considerable time dependence at each constant temperature 
below the dew-point. Unlike the f i r s t cooling, however, the r e s i s t i v i t y 
values at constant temperatures above the dew-point were also time 
dependent. 
Microscopic examination during the second cooling showed that a 
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small number of well separated droplets were formed 0.5°C above the 
dew-point but grew very slowly. This temperature i s marked on f i g . 41 
by the l e t t e r s 'ID' f o r 'isolated droplets'. A deposit covering the 
remaining surface area was seen to form at the dew-point and these droplets 
grew very quickly by condensation and coalescence as the temperat\ire 
was further reduced. The growing deposit, at temperatures below the 
dew-point, had droplets of two predominant sizes with a r a t i o between 
them from 1:2 to 1:4 as they grew. At f i r s t , just below the dew-point, 
there were many times more small than large droplets, but eventually 
(with a heavy deposit), the large droplets were predominant, 
i i i . ) The t h i r d cooling 
The results of the t h i r d cooling show a continued trend i n the 
higher values of surface r e s i s t i v i t y at temperatvires above the dew-point. 
A r e s i s t i v i t y minimum and maximum were again apparent, and the temperature 
corresponding to the minimum was the same as that on the second cooling. 
The r e s i s t i v i t i e s were again time dependent above and below the dew-
point temperature. Isolated droplets were observed 0.5°C above the 
dew-point, and a larger deposit grew to cover the remaining area at the 
dew-point temperature. The droplet growth was affain rapid ju s t after 
formation and the droplets were seen to be i n similar size ranges to 
those observed i n the second cooling, 
i v ) Mew specimen^ f i r s t cooling. 
A new specimen was mounted i n the condensation c e l l immediately 
after the completion of the t h i r d cooling of the f i r s t specimen. This 
second specimen had been prepared by an identical procedure, and i n 
the same batch, as the f i r s t . The results of this test, plotted along-
side those of the f i r s t specimen, are shown to exhibit a similar charac-
t e r i s t i c to the f i r s t cooling. The general level of surface r e s i s t i v i t y , 
however, was higher than on the f i r s t specimen, but subsequent tests 
have indicated that the r e s i s t i v i t y of new specimens tended to be within 
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a f a i r l y broad band of almost a decade. 
The correspondence of the results of thi s test to those of the 
f i r s t i s believed s u f f i c i e n t evidence that the gas saturators and 
associated equipment had maintained a gas stream of constant humidity 
during the three preceding coolings, 
"v) The time dependent r e s i s t i v i t y characteristics. 
Dtiring the three successive coolings of a glass surface, the 
r e s i s t i v i t y at each set-point temperattire was continuously monitored. 
The curves plotted i n f i g . 42 represent the percentage change of r e s i s t i v i t y 
per minute at each constant temperature. This was calculated by measuring 
the current change per minute (from the chart record) and dividing t h i s 
value by the average current over that i n t e r v a l , and expressing the 
r e s u l t as a percentage. The curves i n f i g . 42 quantitatively express 
the information b r i e f l y described above. A discussion of the results 
w i l l be made at a l a t e r stage i n t h i s section. 
The results of the f i r s t series of tests made on a glass surface 
have indicated the basic characteristics which require further investiga-
t i o n and subsequent analysis. General conclusions which are immediately 
apparent from the i n i t i a l work are that the shape of the surface r e s i s t i v i t y 
curve closely follows that described by Small, Brooksbank and Thornton 
(6) i n 1951 (discussed i n Chapter 2 section 2.8) although considerable 
'ageing' was found to occur after each cooling i n the present tests. 
Furtheirmore, the visual appearance of the growing dew deposit on si l v e r 
closely resembles the description by Wylie, Davies and Caw (3) i n I965, 
The rates of growth, although not accurately measured i n these i n i t i a l 
tests, were within the tiraescale predicted by the model developed i n 
Chapter 4. 
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The purpose of the following experimental work was to further 
investigate certain characteristics observed i n the tests described 
above. Certain phenomena have been isolated which, taken together, 
lead to an overall description of the surface behaviour i n the region of 
the dew-point. A number of sub-sections are defined, each dealing with 
a specific phenomenon, although the individual experiments have often 
produced information relevant to more than one aub-section. These 
phenomena w i l l now be i d e n t i f i e d . 
F i r s t (sub-section 6 . 1 . 1 . ) the cause of the higher surface r e s i s t i v i t y 
at temperatures above tlie dew-point, on repeated coolings, i s examined. 
The second sub-section (6.1,2.) examines the phenomena which cause the 
surface r e s i s t i v i t y minimum and maximum i n the region of the dew-point. 
The t h i r d sub-section ( 6 . 1 . 5 . ) discusses the reasons f o r the reduction 
of the temperature at which the minim\im r e s i s t i v i t y occurs on coolings 
subsequent to the f i r s t . The relevance of the soluble surface materials 
i s discussed, and the 'Raoult Equation' i s used to quantitatively 
express the effect. F i n a l l y , the remaining work i n t h i s section describes 
a l l i e d surface behaviour 'such as capacitance variation, and describes 
the tests to investigate the effects of the surface current on the 
measured r e s i s t i v i t y . 
These discussions are based on the following experiments:-
1) Three successive coolings of a n ( i n i t i a l l y ) freshly cleaned glass 
specimen to temperatures below the dew-point, followed by a cooling to 
teat the apparatus s t a b i l i t y . Fig. 41. Runs 12, 13, 14 and 15. 
(Already described). 
2) Four successive coolings of a freshly cleaned glass specimen but 
stopping the f i r s t two coolings at temperatures alsove the dew-point. 
Fig. 43. Huns 16, 17, 18 and 19. 
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5) Four successive coolings of a freshly cleaned glass specimen,but 
stopping each cooling at a progressively lower temperatiire. 
Pig. 44. Runs 39,40,41 and 42. 
4) Three successive coolings of a 'water leached' glass surface. 
Pig. 45. Runs 36, 37 and 38. 
5) Three successive coolings of a 'ground' glass surface. 
Fig. 46. Runs 20,21 and 22. 
6) Two successive coolings of a s i l i c a surface. 
Fig. 47. Runs 31 and 32. 
7) Three successive coolings of a s i l i c a surface l i g h t l y 'doped' with 
Na 01. 
Fig. 48. Huns 33, 34 and 35. 
8) Coolings of 'Melinex'. Coolings of 'Polythene', (Runs 52 and 53) . 
(Ho curves are plotted i n t h i s section), 
9) Two successive coolings of an i n i t i a l l y clean glass surface to 
investigate the effects of current, from the resistance measiiring 
system, on the surface. 
Kuns 25 and 26 (Not plo t t e d ) . 
10) A single cooling of a clean glass surface to measure the interelectrode 
capacitance during dew-formation. 
Fig. 49. Run 49. 
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6.1.1 The Surface Reaistivity Increase Following Repeated Goolinpcs ('Affeinisr') 
The curves plotted i n f i g . 41 clearly indicate that repeated 
coolings of an i n i t i a l l y clean glass surface cause a higher r e s i s t i v i t y 
during each successive test. The particular region of interest i n t h i s 
sub-section i s the surface 'behaviour above the dew-point temperature. 
Smail et s i ( 6 ) , who published surface resistance/temperattire 
curves for glass under similar saturated vapour conditions, have not 
reported any attempts to repeatedly cool a single specimen. However, 
i t i s doubtful i f they would have observed such an ageing effect because 
they .did not clean the glass specimen. Water leaches a glass surface, 
and certain ensuing e l e c t r i c a l effects have been studied by Edge and 
Oldfield (55),whose work was reviewed i n Chapter 2 section 2 .8. Their 
work established that water rapidly leached the glass surface and, 
after the water had been removed, the stirface r e s i s t i v i t y had increased 
by up to 10xL . 
The most important difference between the work of Edge and Oldfield 
(55) and the present work, i s that the water soluble material was washed 
of f the surface i n the former s i t u a t i o n , but must remain on the surface 
following the evaporation of dew during the present work. However, 
thf present results , shown i n f i g . 41, are comparable i n the magnitxide 
of the r e s i s t i v i t y change to the results quoted by Edge and Oldfield, 
who explained the phenomenon i n terms of the removal of soda which 
l«aves a porous, but h i ^ resistance, s i l i c a region. 
Pour repeated coolings of an i n i t i a l l y cleajn glass surface were 
made i n the present work i n order to further study the ageing characteristic. 
(Fig. 45). The f i r s t two coolings were stopped at 5°C, before any 
dew was observed, and the surface was rewarmed after each test. The 
t h i r d and fourth coolings were to low temperatures and allowed a heavy 
deposit to grow. The results, i n f i g . 45» show that only a small 
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r e s i s t i v i t y decrease follows the coolings which d i d not allow dew to form. 
Once dew had been on the SBurface, however, the r e s i s t i v i t y increased 
considerably. 
Four further testa were made on a second freshly cleaned glass 
surface, (Fig.44) . The f i r s t cooling was stopped Just after the i n i t i a l 
indication of a dew deposit, (a surface haze), Tlie second cooling was 
stopped j u s t as coalescence events were seen to becorae rapid. The 
t h i r d cooling was stopped after a heavy deposit of droplets,40yurYi 
dia., had formed. Tl:ie f i n a l cooling again allowed a heavy dew deposit 
to grow. The curves i n f i g . 44 clearly indicate that the surface 
r e s i s t i v i t y did not increase following a dew deposit which was not 
rapidly coalescing. 
The above results lead to the hypothesis that a surface re arrange raent 
of droplets i s a necessary condition f o r the considerable surface 
r e s i s t i v i t y increase between coolings. Furthermore i t i s considered 
that the repeated coolings which do not allow a large surface rearrangement, 
cause a small increase i n the 'leached-out' Na"*^  ions which are evenly 
spread over the glass and hence reduce the surface r e s i s t i v i t y . Presumably 
the droplets have a greater a l k a l i d i l u t i o n than the adsorlsed f i l m , 
because of the greater droplet water volume per u n i t surface area. The 
glass surface i s therefore reduced i n a l k a l i content when the droplet 
moves away during coalescence events. Thus when a small nuraber of large 
droplets remain on the surface, the interconnecting f i l m has a low a l k a l i 
content. Fig, 50 i l l u s t r a t e s t h i s postulated mechanism. 
The phenomenon of 'sweepingV soluble materials into the area of the 
l a s t remaining droplets has been described by INylie, Davies and Caw 
( 5 ) . They also observed that on recooling such a surface, the f i r s t 
droplets were seen to form on the areas containing the soluble materials. 
The 'Raoult Effect' of a vapour pressure increase around these areas 
was believed responsible for the droplets occurrance above the dew-point 
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temperature (over water). Such an effe c t was observed i n the present work, 
and i a more f u l l y discussed i n sub-aection 6 ,1 .5 , 
fSirther evidence to support the postulated mechanism of ageing 
haa been found from the work on other surfaces. Thus a groimd glass 
surface v/hich contained a considerable number of deep p i t s and scratches, 
and was therefore unable to allow droplets to sweep areas 'clean', 
has not exhibited a large r e s i s t i v i t y increase on a^jeing. Fig, 46 
indicates that the 'ageing' effect was to s l i g h t l y decrease the r e s i s t i v i t y 
values. The ' a r t i f i c i a l ' p i t sizes created by the grinding operation 
are much larger than the 'natural' p i t s due to soda leaching. Presumably 
the low droplet mobility (due to the surface roughness), and the considerable 
a l k a l i a v a i l a b i l i t y i n the deep p i t s , have reduced the p o s s i b i l i t y of the 
'sweeping' action postulated to occur on a normal glass surface. 
Tests on a glass specimen which had been placed i n boi l i n g water 
for 4 hours and then allowed to stand i n that water for 18 days, offer 
further evidence on the ageing mechanism. This"water leached glass*" 
surface was expected to have a reduced a l k a l i content,but that which 
remained would be free to go in t o solution. Pig. 45 i l l u s t r a t e s the 
considerable r e s i s t i v i t y increase (>10^) after the f i r s t cooling. The 
characteristics of the second and t h i r d cooling of t h i s surface show a 
considerable resemblance to those of s i l i c a , (.Pig. 47)> vfhich suggests 
that most of the surface has been swept free of a l k a l i . 
A fresh s i l i c a surface exhibits a small r e s i s t i v i t y increase on the 
second cooling, and i s presumed to be caused by material deposited during 
the 'cleaning' process, (,see Pig. 47) . The s i l i c a siu-face, with a 
r e s i s t i v i t y > 10^ 4™., i s expected to be more sensitive to the quality of 
the cleaning f l u i d s than glass with a r e s i s t i v i t y i n the order of 10^^ 
to 10^^11. at the same temperature. The s i l i c a surface doped with Na CI 
showed no tendency to increase i n r e s i s t i v i t y during repeated coolings, 
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(Fig. 48). The ageing characteristics are similar to those of ground 
glass and i t i s presumed that the large a l k a l i a v a i l a b i l i t y again reduces 
the 'sweeping' effect during boalescence. The polymers exhibited no 
measurable ageing characteristic. 
The postulated 'ageing' effect on a glass surface may be suimnarised:-
i ) Adsorbed water, or nucleated droplets, leach material from the glass 
and t h i s decreases the surface r e s i s t i v i t y ( i . e . the r e s i s t i v i t y of a 
f i l m of e l e c t r o l y t e ) . Presumably the active ions are Na"^  and OE" formed 
by the surface reactions, 
Na20 + HgO • > 2Na OH 
Ma OH 9- Na"*" OH" 
i i ) When droplets containing t h i s e l e c t r o l y t i c solution j o i n by 
coalescence, they sweep areas 'clean* as they move, When a small number 
of large droplets remain on the surface they are connected by a f i l m 
of water r e l a t i v e l y free from a l k a l i . Evaporation of the la s t remaining 
droplets leaves behind isolated areas of highly alkaline, water soluble 
material. 
i i i ) Subsequent condensation on the axaface results i n a high r e s i s t i v i t y 
characteristic because the predominant area i s of reduced a l k a l i content. 
The time dependent r e s i s t i v i t y at constant temperatures (Fig. 42) indicates 
that a chemical reaction accompanies the sorption process. 
i v ) Surfaces with a considerable quantity of free ions (ground glass, 
Na CI doped s i l i c a ) are \inaffected by the 'sweeping' action - or may 
f a l l i n r e s i s t i v i t y . 
v) Water leached glass surfaces with freely available ions exhibit 
a considerable i n i t i a l ageing characteristic, and thereafter behave 
l i k e s i l i c a . 
v i ) Pure s i l i c a surface showed only a small amount of ageing, and the 
polymers gave no measurable change. 
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6.1.2 'Jhe Surface Characteristics i n the Region of the Surface Resis t i v i t y 
Points of I n f l e c t i o n 
A l l of the experiments involving glass or s i l i c a have indicated 
that the surface r e s i s t i v i t y passes through two points of i n f l e c t i o n 
whilst the surface temperature i s being reduced. This r e s i s t i v i t y 
behciviour was also noted by Small et a l (6) whose results were discussed 
i n Chapter 2 section 2,8 of the present work. Small postulated that 
the r e s i s t i v i t y increase was caused by a uniform l i q u i d f i l m breaking 
up to form droplets, thus reducing the interconnecting f i l m thickness. 
However, i n Chapter 4 section 4.9 of the presentwork, i t has been shown 
that Small's explanation i s tmtenable on a theoretical basis and on the 
basis of the experimental work which indicates a nucleation process at 
the dew-point. 
The microscopic observations of a glass surface during the present 
experimental work have suggested that droplet formation i s a nucleation 
process. A l i g h t l y scratched glass surface was photographed whilst the 
surface temperature was reduced through the dew-point. Fig. 6l clearly 
shows droplets growing along the l i n e of the scratch which was less than 
1 wide. A second test with a much deeper and wider scratch indicated 
droplets d e f i n i t e l y within the scratch. Furthermore, tests on the 
ground glass surface which contained p i t s larger than l^m i n size, 
gave a clear indication of droplets growing i n individual p i t s . 
The f i r s t characteristic of the glass surface r e s i s t i v i t y curve 
which w i l l be discussed i s the cause of the r e s i s t i v i t y minimum and 
the {subsequent increase. The f i r s t series of experiments on glass 
(Fig. 41) indicated that a probable dew-deposit (seen as a surface 
haze) was observed before the r e s i s t i v i t y minimum occurred. Just after 
the r e s i s t i v i t y increase began, droplets 1 to 2^m diameter were v i s i b l e . 
Similar behaviour was found on the pure s i l i c a surface (Fig. 47)» and t h i s 
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has strengthened the b e l i e f that the r e s i s t i v i t y increase i s due to the 
surface physical changes rather than a chemical reaction. (The review 
i n Chapter 2 section 2.8 suggested either a physical or chemical cause 
of the r e s i s t i v i t y increase). 
The physical surface behaviour proposed by Smail et a l (6) would 
explain the r e s i s t i v i t y increase, however t h i s behaviour has been shown 
untenable; i t i s therefore necessary to examine alternative surface 
characteristics to f i n d a satisfactory explanation of the ef f e c t . The 
discussion i n Chapter 4 section 4.9 leads to the conclusion that the 
adsorbed f i l m on the surface i s unaffected by the growing droplets. 
Thus the surface r e s i s t i v i t y i s that of an adsorbed f i l m which surrounds 
the growing and coalescing droplets. The droplets are e f f e c t i v e l y low 
resistance areas which 'shunt' parts of the f i l m . When two droplets 
coalesce, there i s a reduction of the surface area covered by droplets, 
(Two id e n t i c a l droplets w i l l coalesce to form a new droplet which has 
a basal area 20.% less than the combined areas of the o r i g i n a l droplets). 
J'rom t h i s argument i t follows that the f i l m w i l l be 'shunted' by a 
smaller resistance, and hence the t o t a l surface r e s i s t i v i t y i s expected 
to increase. 
This proposed mechanism i s expected to increase the surface r e s i s t i v i t y 
when droplet coalescence begins on a surface ( i . e . the tr a n s i t i o n from 
an 'open' to a 'closed' deposit). The observations i n the experiments 
of the present work are i n agreement with t h i s proposed behaviour, 
although i t was found that the nature of the r e s i s t i v i t y curve depended 
upon the glass ageing and preparation. I n order to check that droplet 
coalescence on a uniform l i q u i d layer could account f o r the r e s i s t i v i t y 
increases found i n practice, computer based models of the growing deposit 
have been developed. A detailed description of the models i s given i n 
Appendix 3. The f i r s t model studied two droplets coalescing, further 
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models considered the growth of 20 randomly located droplets, and f i n a l l y , 
IdTgKV deposits were studied. 
The results from the models, discussed i n Appendix 3, indicate 
that droplet coalescence could contribute greatly to the observed r e s i s t i v i t y 
increase. I n practice, however, the l i q u i d specific r e s i s t i v i t y i s 
expected to vary during the growth process due to surface leaching and 
also the a l k a l i 'sweeping' effect described i n the previous sub-section 
( 6 , 1 , 1 ) . Furthermore, the rate of droplet coalescence events was observed 
to rfiduce as the droplet sizes increased. Presumably th i s i s due to the 
fact that i s constant (at a given sub-cooling), and hence a 
droplet takes longer to reach i t s neighbour when the i r diameters, arid 
spacing, i s large. Another associated e f f e c t i s that the r a t i o of 
droplet covered area to f i l m covered sxirface area tends towards a constant 
value during the growth process. Rose and Glicksman (78) have found 
that the droplet covered area i s t y p i c a l l y 55/^  of the t o t a l surface area. 
Prom the above work i t i s expected that the most significant surface 
changes occur j u s t after droplet nucleation, Tlie deposit becomes 
'closed', after i t s i n i t i a l 'open' growth; the rate of coalescence i s 
greatest; and the a l k a l i 'sweeping' effe c t i s most active. I t i s proposed 
that the surface r e s i s t i v i t y increases when coalescence begins (due to 
the f i l m area v a r i a t i o n ) , and i s further increased because the a l k a l i 
i n the adsorbed f i l m i s swept into the coalescing droplets. 
I t i s further proposed that when the droplets begin to coalesce at 
a slower rate, the 'sweeping' effect w i l l be reduced and the sxirface 
are»a droplet coverage r a t i o w i l l become constant. The r e s i s t i v i t y w i l l 
therefore begin to f a l l , and t h i s f a l l w i l l be aided by f i l m growth due 
to net condensation as the temperature i s further reduced. 
The experimental work on modified glass siirfaces has strengthened 
the evidence f o r the proposed mechanism of the surface r e s i s t i v i t y 
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behaviour. The glass which had been leached i n water, and was presumed to 
have many free surface ions, showed a considerable r e s i s t i v i t y increase 
(between the minimum and maximum values) on the f i r s t cooling (Fig, 45)• 
This characteristic may be explained by the much increased effect of the 
'sweeping' action during the i n i t i a l coalescence events. Presumably the 
ef f e c t of the droplet area v a r i a t i o n during coalescence i s small compared 
to the 'sweeping' effect on t h i s surface. 
The tests on the normal glass surface (Fig. 41) showed that the 
magTiitude of the r e s i s t i v i t y increase became less during repeated coolings. 
The reduced quantity of free a l k a l i on the predominant surface area 
would explain a reduced 'sweeping' effect and the consequent decrease 
i n the r e s i s t i v i t y change. 
The ground glass surface exhibited a r e s i s t i v i t y minimum followed 
by an increase, but i t did not occur u n t i l the droplets had reached a 
s u f f i c i e n t siv.e to leave the large p i t s and move across the surface 
u n t i l coalescence occurred, (Fig. 46). This result clearly indicates 
that coalescence i s a necessary part of the physical behaviour which 
promoter, the r e s i s t i v i t y increase. One characteristic of the groxond 
glass surface r e s i s t i v i t y curve, (which was not found on other 'smooth' 
surfaces), was the lack of a r e s i s t i v i t y decrease after the 'maximum' 
value. I t i s considered that there could be no plane adsorbed f i l m on 
the rough surface and hence there could be no net condensation on a 
region v/hose r e s i s t i v i t y would be very sensitive to thickness. I t i s 
l i k e l y tViat the droplets on the grormd surface are connected by r e l a t i v e l y 
deep scratches and p i t s , thiis the surface i s less sensitive to subsequent 
condensation once the droplets are large aiid growing slowly. 
The specific r e s i s t i v i t y of the adsorbed sxxrface f i l m on glass 
has been estimated i n order to show that dissolved surface materials 
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were present. Garbataki i n 1956 found a saturation f i l m thickness 
on glass of 50nm,whilst T)er;jaguin ( I 9 ) i n 1957 found i t to be 7nm. The 
meaaured surface r e a i s t i v i t y i n the present testfi, under assumed similar 
vapour saturation, was approximately 3 x 10^^ per square. Hence the 
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l i q u i d specific r e s i s t i v i t y i s between 3 x 10 JTL cm and 4 x 10 cm, 
baaed on the above f i l m thicknesses. The corresponding specific r e s i s t i v i t y 
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of pure water i s between 10 and 10'^ cm; hence i t i s seen that additional 
free ions are i n the l i q u i d f i l m . 
The testa on "Melinex" and on "Polythene" did not indicate any 
r e s i s t i v i t y minimum and maximtxm during the dew deposit formation; although 
the results are believed to be i n s u f f i c i e n t l y conclusive (due to experi-
mental d i f f i c u l t i e s ) to draw any definite conclusions. Droplets did 
not form on cooled Melinex u n t i l the surface was sub-cooled below the 
dev^-point temperature by 2.5°C. At no time during the droplet formation 
and growth period was i t possible to measure a definite surface r e s i s t i v i t y 
with the instrumentation described i n Chapter 5 section 5»6. The surface 
r e s i s t i v i t y of Melinex, at low humidities, i s generally believed to be 
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i n the order of 10 si , thus the present instrumentation l i m i t of 
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3 X 10 - i i was too low f o r the necessary measurements. 
The polythene surface nucleated a few droplets 0,5°C below the 
dew-point temperature, although the growth was sl i g h t x u i t i l a 1°C sub-
cooling was obtained. The r e s i s t i v i t y measurement f e l l from i t s l i m i t 
value of 3 X IO ^ ^ A to a constant 1 x ^o'^^JX during droplet growth. 
Fig . 5 S i n the following section (6 .2) shows the time dependent r e s i s t i v i t y 
characteristic of polythene, which was a more reli a b l e result than that 
from the 'temperature increment' tests. Droplets were seen to form 
on the alight surface scratches on both Melinex and polythene and i s 
further evidence of the nucleation mechanism. 
1 5 5 . 
The high r e s i s t i v i t y of polythene and Melinex suggests that no 
multilayer adsorbed f i l m was formed between the droplets at any time 
i n the growth process. The large sub-coolings required to nucleate 
droplets confirms the effects predicted by the Kelvin Equation and the 
dependence upon the contact angle. (The Melinex/water contact angle was 
i n the order of 9 0 ° , whilst the polythene/water contact angle was i n 
the order of 6 0 ° ) . Twomey (47) has also reported experimental work 
which relates the contact angle to the necessary supersaturation f o r 
nucleation. 
Clearly the work on the two polymers has fa i l e d to indicate a surface 
r e s i s t i v i t y increase during the i n i t i a l droplet coalescence behaviour. 
The fact that droplets tended to form i n the surface scratches over a 
range of temperatures may be responsible f o r the lack of the rapid f i l m 
area, v a r i a t i o n which i s postulated to cause a svirface r e s i s t i v i t y increase. 
Prom the work of Twomey (47) i t i s expected that considerable surface 
sub-cooling (>8°G) would be necessary to nucleate droplets on a plane 
Melinex or polythene surface. Thus the scratches must be responsible 
for the observed surface characteristics i n the present tests. 
One e l e c t r i c a l effect which was noted on a l l types of surface 
materials during droplet coalescence was a short term fluctuation of the 
surface current, and hence r e s i s t i v i t y . The frequency of the fluctuation 
decreased as the rate of coalescence events f e l l , The amplitude of the 
fluctuations increased as the droplet sizes increased. The peak-to-peak 
flu c t u a t i o n was approximately 0,5% of the average surface r e s i s t i v i t y 
at the r e s i s t i v i t y raaximm point on the characteristic, and increased 
to 5^ at 2°C sub-cooling (on glass). 
I n conclusion,a physical mechanism has been postulated which would 
account f o r the surface r e s i s t i v i t y minimum and maximum found with 
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moat surfaces cooled by regular temperature increments. This postulated 
mechanism i s based on the model of a surface developed i n Chapter 4, 
and i n particular on the expected behaviour of droplet growth on a surface 
with ;in adsorbed f i l m (section 4 . 9 ) . The relative importance of the two 
contributing factors, ( i . e . the covered area variation, and the a l k a l i 
•sweeping' e f f e c t ) , i s d i f f i c u l t to ascertain; althouigh tests on glass 
with a high surface a l k a l i content would suggest that a l k a l i 'sweeping' 
by the droplets ( c . f . sub-section 6 .1 .1 ) has a marked influence on the 
r e s i s t i v i t y increase. 
6 .1 .3 . The Effects of Soluble Surface Materials on the Observed Dew-
point Temperature and on the Corresponding Surface R e s i s t i v i t y 
Two basic changes i n the surface resistivity/temperature characteristics 
were noted on the repeated cooling of a glass surface (Pig. 41) . The 
f i r s t effect was the considerably higher surface r e s i s t i v i t y at temperatxires 
above the dew-point and t h i s has been discussed i n sub-section 6 .1 .1 . 
The second effec t was the reduction of the temperature at which the 
surface r e s i s t i v i t y miniraiim occurred. A l l i e d to t h i s effect was the 
reduced temperature at which the main dew deposit was f i r s t observed. 
The review of glass surfaces i n Chapter 2 has indicated that the 
soda content i n the surface of soda-lime glass is soluble i n water. 
The discussion of the experimental results i n sub-sections 6.1.1 and 
6.1,2 has clearl y shown some effects of chemical dissolution of the 
surface materials. The adsorbed f i l m specific r e s i s t i v i t y estimation 
was p a r t i c u l a r l y strong evidence of the solution. 
One physical effect of the solution which requires further analysis, 
i s the vapour pressure decrease above the l i q u i d . I n dew-point studies 
t h i s behaviour i s often referred to as the "Raoult Effect", because 
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Raoult's Law may be used to quantitatively assess the vapour pressure 
change (Haoult's Law i s described i n Chapter 3 section 3 .4) Fig. 51 
indicates the dependence of the r e l a t i v e vapoiir pressure (P/Po) above 
a solution, on the mole f r a c t i o n (Xs) of that solution. The solute 
concentration of the solution i s thus weakest fox Xb » o ( i . e . pure water), 
LATIVE 
VAPOUR 
Pl^ ESSURE 
GRAPHICAL REPRESEMTATION O F 
RADULT'S LAW. 
S O L U T E M O L E FRACTION ( X S ) 
An estimation of the dew-point temperature increase w i l l be made 
for a ty p i c a l dew deposit on glass. The surface i s considered to be 
505^  covered with droplets 5/^ m radius with a contact angle,© , of 20°. 
Assuming that 20^ ^ of the surface i s covered with 10 free molecular layers 
of Na^ O which completely dissolve into the droplets, then:-
The water mass i s 34.9 x 10"' gm per droplet. 
The associated Na20 mass i s I . 67 x 10""''^  gm, 
Robinson and Stokes (80) define the mole fr a c t i o n of the solute as 
the r a t i o of the t o t a l nuraber of ions to the t o t a l nuraber of ions 
plus water molecules. Thus, assuming f u l l ionisation, the solute mole 
f r a c t i o n , Xs, i s given by :-
1 5 8 . 
•5 =: 
(V. ui/Ms) + (u/w /M) 
Wiere V i s the number of moles of ions per mole of electrolyte, 
'Wfs i s the NaOH mass and Uw i s the mass of water, M i s the molecular 
weight of water, and Ms i s the solute molecular weight. 
T h u s Xs = ( 2 J - 6 7 J O ' y 4 0 ) 
(2.1-67. l0-'y40) + (3-4-lv lO- ' / is) 
•3 
Now, the solution has a saturated vapour pressure less than pure 
l i q u i d water. Thus when the surface temperature i s reduced, the saturation 
vapour pressure occurs at a temperature above that corresponding to the 
dew-point over pure water. 
Prom f i g . 51 i t i s seen that P/Po = 1 - X s . Tftiere P/Po i s the 
r a t i o of the vapour pressiire to the saturation vapour pressure at the 
same tempera,ture. 
Thus P/Po = 0.9957. 
The corresponding dew-point increase i s found by re f e r r i n g to the 
S.V.P, curve f o r water (Ref. ( 1 ) ) . Prom t h i s curve i s found that at 
4,4°C there i s a 0.701^ vapour pressure increase per 0.1°C. The pressure 
reduction i n the above system, expressed as a percentage, i s 0,43^'» 
hence the corresponding saturation temperature over the solution i s 
0.061°C higher than over l i q u i d water. 
Clearly the above calculation i s only an approximate estimation of 
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the effe c t of the dissolved material. (The estimation of the available 
surface material was based upon the work reviewed i n Chapter 2 section 
2 . 7 ) . The experiments on glass have indicated that on the f i r s t cooling 
(see f i g . 41) a dew deposit was observed at a temperature 0.54°C above 
the saturator temperature. On the second and thi r d coolings, however, 
the main dew deposit occurred at the saturator temperature. (The error 
i n t h i s observation was estimated at ± 0.03°C). 
The preceding vapour pressure calculation, based on Haoults Law, 
has indicated that a saturation temperature elevation of 0.54°C i s easily 
accounted f o r by the s o l u b i l i t y of Na20. At the incipience of dew, the 
r a t i o of the volume of water to the volume of NagO i s expected to be 
lower than i n the above example, hence the temperature elevation would be 
greater. The 'sweeping' action of coalescing droplets, described i n 
the previous sub-section, i s believed to redistribute the HaOH into small 
but concentrated areas. Hence subsequent coolings have been observed 
to show isolated droplets at 0,5*^0, or more, above the dew-point. The 
predominant surface area, however, i s believed to be of reduced NaOH 
concentration and hence the observed dew-point for the larger dew deposit 
was very close to the saturator water temperat\ire. 
Tlie experimental results, and the work discussed i n the preceding 
sub-section, have Indicated that the glass surface r e s i s t i v i t y characteris-
t i c s are determined by the physical arreingement of the surface l i q u i d , 
rather than d i r e c t l y related to the stirface temperature. Hence i t has 
been shown necessary to consider the Raoult (and Kelvin) Effect i n order 
to accTirately relate the surface r e s i s t i v i t y to the surface temperature. 
The results of tests on a s i l i c a surface are plotted i n f i g . 47. I t 
i s seen that the temperature at which a deposit was observed was the same 
i n each cooling. The difference between t h i s temperatiire and the 
satvirator water temperatva'e was 0.04°C. This observation, together with 
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the high values of surface r e s i s t i v i t y , indicates that very l i t t l e 
soluble material was on the siirface. The same s i l i c a specimen v/as 
repeatedly dipped i n a solution of sodium chloride, NaCl, and was then 
dried. A s l i g h t surface 'haze' was seen on the dry surface although the 
exact quantity of s a l t was unknown. This 'doped' surface was then 
placed i n the condensation c e l l , and further tests were made. 
Pig. 48 indicates the surface resistivity/temperature characteristics 
of the 'doped' s i l i c a surface. The f i r s t noticeable effect i s the reduction 
of the surface r e s i s t i v i t y by four decades, compared with pure s i l i c a , 
and t h i s i s prev^xmed to be caused by the increased number of free ions 
on the surface. I n a l l coolings of the 'doped' sxtrface, isolated droplets , 
were seen 2 to 5°C above the dew-point temperature. The f i r s t cooling 
produced a very 'patchy' dew-deposit and t h i s was believed to be due 
to the d i f f i c u l t i e s encotintered i n evenly covering the surface with s a l t . 
(Each time the water was evaporated during the 'doping' process, the sal t 
was deposited i n a r i n g bounded by the evaporating drop). The dew deposit 
became more evenly arranged on the second and subsequent coolings. 
The surface r e s i s t i v i t y of 'doped' s i l i c a was seen to decrease 
during repeated coolings, i . e . as the s a l t became more evenly distributed. 
No r e s i s t i v i t y minimtim and maximum occurred on the f i r s t cooling and 
t h i s i s believed to be caused by the large temperatxire span over which parts 
of the dew-deposit were formed. The range of drop sizes, at the dew-
point (satxirator water temperature) was approximately 100:1, i.e. some 
drops were just being formed and some had coalesced and grown to form 
drops lOOyum i n diameter. The second and t h i r d coolings show a r e s i s t i v i t y 
minimum and maximum, and the temperature corresponding to the minimum 
was seen to increase as the salt became evenly distributed . The shallow 
natvire of the r e s i s t i v i t y minimxim characteristic i s believed to be due to 
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the large temperature range over which the deposit was formed. 
Th^ tests on sa l t 'doped' s i l i c a have clearly shown that as the s a l t 
becomes more evenly distributed, the surface r e s i s t i v i t y curves follow 
the opposite trenda to those found during glass ageing. The hypothesis 
describing the glass ageing mechanism, discussed i n sub-section 6,1,1 
was based on the break-up of an evenly distributed layer of NaOH, This 
NaOH layer i s expected to be only a few molecules thick and hence i s 
easily dissolved and redistributed. The NaCl layer on s i l i c a i s considered 
to be very rauch thicker, and therefore cannot be completely moved by 
droplet 'sweeping'. The trend i n the l a t t e r case has presumably been 
to cover some of the undoped surface, rather than collect the s a l t 
into smaller areas. 
The tests on the 'water-leached' glass surface ( f i g . 45) have shown 
further evidence of the surface s o l u b i l i t y effects on the r e s i s t i v i t y 
characteristics. Isolated droplets were observed on the f i r s t cooling 
at a temperature above that at which the main deposit was seen. I t i s 
presumed that the leached glass sxirface contains weakly bound ions, due 
to the previous water treatment, and hence the ions readily form a 
solution with the adsorbed water during cooling. The formation of 
isolated droplets 0.9^0 above the dew-point temperature was the highest 
temperature at which droplets were observed on any glass surface. This 
test suggests that the concentration of the surface solution must depend 
on the ease with which soda can be released from the surface. 
In conclusion, the experimentally observed decrease of the temperature 
at which the r e s i s t i v i t y m i n i m i M i occurs on repeated glass coolings, 
has been explained i n terms of the Raoult Effect. 
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§^.:A "fhe Inter-Klectrode Capacitanca Variation During the Fornifxtion 
of a Dew Deposit on Glass 
The electrode structtire on and above the glass surface i s i n s u f f i c i e n t l y 
guarded to allow fjxjcurate surface capacitance measiireraents. Neverthe-
less, to obtain as much information as possible about the glass surface 
during cooling, a"Wayne Kerr B221a" bridge was used to measure the i n t e r -
electrode capacitance (and conductance) during the f i r s t cooling of a 
fi'eshly cleaned glass specimen. 
The graph of capacitance versus surface temperature i s plotted i n 
f i g . 49. '^e measured capacitance must include that between the probes, 
a bulk glass capacitance, and that through the vapour and glass surface 
region. Presumably the vari a t i o n of capacitance i s due e n t i r e l y to the 
adsorbed layer and the subsequent droplet growth. The change i n capaci-
tance i s seen to be small, and was d i f f i c u l t to accurately resolve on 
the bridge. Nevertheless, the results indicate that the capacitance 
tends to increase more rapidly as saturation i s reached. This finding 
i s i n agreement with the work of Garbatski and Polman (23) who measured 
the bulk capacitance of adsorbed water on glass. The present capacitance 
measurements i n the formative stages of a dew deposit were d i f f i c u l t 
to resolve, and when the deposit was f r e e l y growing the capacitance 
change was faster than the manual bridge balancing time. 
The results i n the region of the dew-point indicate a capacitance 
i n f l e c t i o n , although there did not appear to be a maxiram and minimum 
point. The complex probe and electrode geometry does not allow the 
results to be analysed i n any d e t a i l . The bridge was i n s u f f i c i e n t l y 
sensitive to make accurate conductance measurements, although the maximum 
and minimum r e s i s t i v i t y behaviour was noted at the dew-point, and the 
range of measured r e s i s t i v i t i e s corresponded to those measured by the 
'slow a.c' technique on other glass specimens. 
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Teats to Detei-mine the Influence of the Surface Current on the 
Glass Surface R e s i s t i v i t y Characteristica 
The el e c t o l y t i c nature of the surface conduction mechanism on glass 
has been discussed i n Chapter 2 section 2 , 8 . The choice of applied 
voltage and frequency to measure the siorface resistance has been discussed 
i n Chapter 5 section 5 .6 . The careful choice of applied voltage was 
necessary i n order to avoid surface electrolysis due to the current 
froin the resistance measuring instrT«nenta; 
Tests were regularly made to ensure that electrolysis was not 
occuring during the present work. Most tests involved disconnecting 
the svirface voltage supply f o r 2 or 3 minutes, at constant surface 
temperature, and noting the change i n resistance when the supply was 
restored. At no time, i n any experiment, was any non-linear relationship 
found between the applied voltage and the measured siu?face r e s i s t i v i t y . 
Runs 25 and 26 (the curves are not shown here) made a further investiga-
t i o n of the surface current effects on a freshly cleaned glass specimen, 
and involved taking regular b r i e f resistance measurements before the 
f i r s t dew deposit occxirred. The dew deposit was then grown but the 
surface electrodes were shorted during thiv<5 period. The dew deposit 
was evaporated after a while and a second cooling was then made, but with 
regular b r i e f resistance measurements at a l l stages of the test. The 
ageing characteristic of t h i s glass specimen was found to be identical 
to those with continuously measured resistance. 
Tlie conclusion from the above tests i s that the surfaces were not 
adversely affected by the small applied voltages. 
6.1.6 Tests f o r Insulator Surface Oontaiaination from the Silver Electrodes 
One possible problem with the use of s i l v e r electrodes was recognised 
at the outset of the experimental work. This i s generally referred to 
as s i l v e r migration, ajid i s caused by e l e c t r o l y t i c action due to the 
passage of a surface current between s i l v e r electrodes. Williams and 
Herrmann (81)and Chaikin (82) have studied the process of s i l v e r migration 
on various surfaces as a fimction of the ambient rel a t i v e humidity and 
the applied potential. 
The general conclusions from t h i s reviewed work, which are most 
relevant to the present work, are that a high d.c. voltage and high 
humidity w i l l promote rapid migration, A d,c. voltage of 6 Volts i s 
reported to cause "barely perceptable" migration, whilst a.c. voltages 
at 60 and 400 Hz produced "no detectible" migration with up to 850 Volts 
applied. The l i t e r a t i i r e appears to contain no record of work related to 
the effects of slow a.c. (0 .25Hz) , 8 Volts peak to peak as used i n the 
present investigation. I t i s f e l t , however, that the apparent lack of 
surface influence by the voltage - discussed i n the previous sub-section-
together with the results i n the reviewed l i t e r a t u r e , i s s u f f i c i e n t 
evidence that s i l v e r migration did not occur to any appreciable extent. 
6.2 The Time Dependent Characteristics of Broplet Growth on Sub-Cooled 
Glass 
The f i r s t series of tests, described insection 6 . 1 , has indicated 
that the surface r e s i s t i v i t y of glass cooled below the dew-point, i s 
time dependent, Fiarthermore, the postulated mechanism of the r e s i s t i v i t y 
minimiun and maximum characteristics suggests that the process i s not only 
linked to the surface temperature but i s also a time dependent process 
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which follows the kinetics of droplet growth. Thus, from the experiments 
and earlier theoretical work, i t follows that the surface r e s i s t i v i t y 
of a sub-cooled insulator (undergoing net condensation) should be a tim« 
dependent process ?/hich i s a function of the condensation rate. 
The aim of t h i s experimental work was to establish a clear l i n k 
between the k i n e t i c aspects of dropwise condensation, and the surface 
r e s i s t i v i t y of the growing dew deposit on a cooled insulator. The 
theoretical work developed i n Chapters J and 4 has indicated that the 
rate of condensation i s a function of the surface sub-cooling. (The 
sub-cooling i s defined as the difference between the dew-point temperature 
and the fsiirface temperature, Ts - Tw) 
I f the dew deposit i s considered s u f f i c i e n t l y large to be ujiaffected 
by the Kelvin Effect, then equation (72 ) developed i n Chapter 4 describe;? 
the basal growth rate of the droplet. 
Thus JIl - Q. ( 1+ Cos0).3in9 
And q . _ moo {^see s-ect ion 4 . 2 ) 
Where moo ^ hx. n . Poo.jjs - Tw) 
- KP. f ( 0 ) . / O 7 . ( T s - T w ) ' " " ^ ' ' ^ 
^Vhere Kp = Q-j^ -^. k . Pr/^ . M. Ro ^ ^100) 
"^'^  F(e) = ( u Cos e). 5,n e 
(2 fCose)( i -Cos0) 
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Equation (99) i s the most \isftf\il practical growth equation for the 
present work because Ts, Tw, Us and 6 are the primar'y practical variables 
(althoxigh 6 i s dependent upon the surface material). 
Now, i f Tfl i s fixed at a given value, Te'' , then the time, t , 
taken by a droplet to reach t h i s radius i s linked to the surface subcooling 
by an equation which follows d i r e c t l y from equation ( 9 9 ) . 
l \ (T.-Tw) _ T b 
K P . / u I . f(e) 
The nature of the experiments has been largely dictated by the form 
of equation ( 101 ) . Each test involved setting the insulator surface at 
a pre-determined constant temperature belov/ the dew-point. The control 
system maintained the desired temperature to within 0.001°C of the set-
point. The f i r s t four tests on glass were made with sub-coolings of 
0.15°G, 0.3°C, 0.6°C and 0.9°C respectively. The gas flow rate was 
maintained at 0.7 1/min. corresponding to 1 m/sec, velocity. The f i f t h 
tesst on glass was made with a constant gas flow rate of 2.0 1/min. to 
v e r i f y ( i f possible) the term J Us i n equation (101) . 
Each test at a pf j r t i c u l a r sub-cooling was made on a new, and freshly 
cleaned, specimen, to avoid any cumulative surface leaching. The tests 
at 0.15°G and 0.6°C sub-cooling each involved two successive coolings of 
the surface so that the 'ageing' effect could be studied. 
The experimental procedure f o r each test commenced by passing dry 
gas from the cylinder to the condensation c e l l , via the saturator by-pass 
valve. (See f i g . 38 i n Chapter 5 ) . The surface temperature was then 
set at the desired value. When the temperature was under t i g h t control, 
the by-pass valve was closed, thus diverting the gas through the saturator. 
The chart record of the surface Current was immediately started and the 
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fiurftice was continuously observed through the microscope. Thus each 
teat produced a simultaneous time record of droplet sizes and surface 
r e s i s t i v i t y , at a constant surface temperature. 
Fig. 52 shows the surface r e s i s t i v i t y as a function of time f o r two 
successive tests on glass sub-cooled by 0.15°C. Figs. 53, 54 and 55 
show the equivalent results from tests with 0 . 3 , 0 .6 and 0.9°C sub-cooling 
respectively. Finally, f i g . % shows the results of a test on a glass 
surface with a gas flow of 2 .0 1/minute. The curves are marked with a 
l e t t e r 'D' to represent the time at which a dew deposit f i r s t became 
v i s i b l e ; the numbers adjacent to the curves represent the average droplet 
basal diameters i n 
The high gas flow rate i n the f i n a l test not only alters the term 
/ I T i n equation (101) but i t also changes the temperat'ure gradient 
through the glass disc and the specimen holder assembly. Furthermore, 
the increased gas pressure i n the saturator alters the dew-point. These 
inter a c t i n g terms have led to the problems i n accurately testing the term 
/ o r i n equs-tion ( 1 0 1 ) . Nevertheless, the temperature gradient i n 
the block and glans has been calculated f o r the increased flow rate and 
the cori'esponding sub-cooling was found to be 0.32°C. The dew-point 
temperature was corrected f o r the pressure change, as discussed i n 
Chapter 5 section 5 . 4 . (The manometer recorded 40imn o i l pressure). 
The results of the two tests with 0.15°C sub-cooling may be 
used to i l l u s t r a t e the basic time dependent characteristics ( f i g . 5 2 ) . 
The f i r s t indication of a dew deposit occurred just before the r e s i s t i v i t y 
minimum; which i s similar to the previously found behaviour on glass 
cooled by regular temperature increments (section 6 . 1 ) . The f i r s t run 
showed that the surface r e s i s t i v i t y rapidly reached the minimum value 
but the subsequeni variation through the maximum r e s i s t i v i t y was a 
much slower process. The second run indicated a longer time to reach 
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the r e s i s t i v i t y minimum, althotigh the d r o p l e t s i z e s and the r e s i s t i v i t y 
tended towards the c h a r a c t e r i s t i c s of the f i r s t run as time p r o g r e s s e d . 
Two p o s s i b l e mechanisms are p o s t u l a t e d to account f o r the s lower response 
of the s u r f a c e b e h a v i o u r over the i n i t i a l p e r i o d of the second r u n . 
F i r s t l y , the age ing mechanism d i s c u s s e d i n s e c t i o n 6.1 suggests t h a t 
much of the s u r f a c e w i l l be reduced i n a l k a l i content f o l l o w i n g the f i r s t 
dew d e p o s i t and c o a l e s c e n c e e v e n t s , thus the f i r s t ' a c t i v e ' a r e a s d u r i n g 
condensat ion w i l l be the c o n c e n t r a t e d a l k a l i r eg ions where a s low chemica l 
r e a c t i o n i s to be e x p e c t e d . S e c o n d l y , i t i s cons idered t h a t the s i i r f a c e 
p i t s which n u c l e a t e the d r o p l e t s would be l eached to a l a y g e r s i z e by 
the f i r s t dew d e p o s i t , thus the time to n u c l e a t e d r o p l e t s d u r i n g the 
second vnn would be l o n g e r ( a s p r e d i c t e d by the model developed i n 
Chapter 4 ) . 
A comparison o f the ' f i r s t run* behav iour of the four c h a r a c t e r i s t i c s 
p l o t t e d i n f i g s , 5 2 , 5 3 , 54 and 55 , shows t h a t the average d r o p l e t s i z e 
i s the same on s i m i l a r s e c t i o n s o f the r e i s i s t i v i t y c u r v e s . Thus , f o r 
example, the r e s i s t i v i t y maximum occt irs irtien the average d r o p l e t d iameter 
i s 15/4m » i r r e s p e c t i v e of the s u r f a c e s u b - c o o l i n g and t i m e . These 
f ind in i fS are i n agreement w i t h the work d i s c u s s e d i n s e c t i o n 6.1 where 
i t was proposed t h a t the r e s i s t i v i t y l a r g e l y depends upon the svirfsice 
p h y s i c a l and c h e m i c a l arrangement. 
The r e s u l t s of the t e s t w i t h a h i g h e r gas v e l o c i t y are p l o t t e d i n 
f i g . 56 . The moat apparent d i f f e r e n c e between the r e s i s t i v i t y c h a r a c t e r i s -
t i c s o f low v e l o c i t y (1 m / s e c ) and h i g h e r v e l o c i t y ( 2 , 9 m / s e c ) t e s t s , i s 
the s m a l l e r d i f f e r e n c e between the maximimi and minimum r e s i s t i v i t y i n 
the l a t t e r t e s t . The m i c r o s c o p i c examinat ion o f the s u r f a c e d u r i n g the 
h i g h e r gas v e l o c i t y t e s t showed t h a t the dew d i d not form i n an even 
p a t t e r n over the whole s u r f a c e . T h i s dew depos i t was observed to beg in 
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to form at the outer edge of the glass disc and gradually extend towards 
the centre electrode. The non-imiformity of the surface temperatxire 
i s presumably due to the increased v e r t i c a l temperattire gradient through 
the glass and the hi^«r gas ve l o c i t y i n the path of the i n l e t pipe. 
The f i n a l deposit pattern was a cardioid i n front of the i n l e t pipe, and 
the droplet sizes were much greater at the outer edges than at the centre. 
A l l of the experimental results can be compared with the growth 
behaviour predicted by equations ( 9 9 ) aixii ( 1 0 1 ) . The f i r s t comparison 
concerns the v i s u a l l y measurid droplet growth rates as a function of the 
surface sub-cooling. The second comparison concerns the surface r e s i s t i v i t y 
characteristics as a function of the sub-cooling, 
i ) The Measured Droplet Growth Rates. 
The main d i f f i c u l t y i n inte r p r e t i n g the droplet growth rates i s 
that coalescence events add to the amount of l i q u i d received by a particular 
droplet. The droplet growth due to condensation has been shown ( i n 
Chapter 4 ) to be a constant'dtS/dt'value at constant sub-cooling, whilst 
the effect of coalescence must depend upon the size of the droplets. 
Hence a coalescence event on a small droplet maybe equivalent to the 
araovint of condensed water received i n a short duration; coalescence 
bet-ween large droplets, however, i s equivalent to the amoxmt of water 
condensed over a long period. 
Droplet growth rates were measured during each of the tests with 
1 m/sec, gas flow. The measurements were taken over one or two minute 
i n t e r v a l s , and were taken at d i f f e r e n t stages of the growth process. 
Most measurements were made f o r droplets w i t h i a the range 15yum to 
40^m diameter. The results are plotted i n J i g . 57 range of 
measured growth rates at each sub-cooling i s shown. The theoretical 
r esults from equation ( 1 0 1 ) are plotted f o r two contact angles. Clearly 
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the theoretical results are very sensitive to the contact angle. From 
the above discussion, i t follows that the experimentally measTu?ed rates 
w i l l be an overestimation of the true condensation values. 
I t i s considered that the problems i n interpreting the growth 
information, and the lack of s u f f i c i e n t data on the droplet contact angles, 
has reduced the accuracy of the correlation between the theoretical and 
experimental res u l t s . Nevertheless, the experimental results plotted 
i n f i g , 57 are seen to be i n reasonable agreement with the theory, 
i i ) The Variation of the Surface R e s i s t i v i t y Characteristics with 
Sub-Cooling 
I n order to take a comparable characteristic from each r e s i s t i v i t y 
curve, i t was decided to measure the time between the minimum and maximvun 
surface r e s i s t i v i t y values. The time before the minimum value m\ist 
depend upon the by-pass valve closing time and other uncertain experimental 
time lags. The rainimium r e s i s t i v i t y has been postulated to correspond 
to a very small droplet size and the incipience tif coalescence, HIMB 
t h i s r e s i s t i v i t y minimum should represent the same isxirface conditions 
i n eaxjh te s t . Similarly, the r e s i s t i v i t y maximum i n each test has been 
shown to correspond to a droplet diameter of 15ym. 
The experimental data has been plotted as "peak to peak r e s i s t i v i t y 
time" against "surface sub-cooling", and i s shown i n f i g . 58. Equation 
(101)has been solved f o r a range of droplet contact angles ( 0 ) , with 
Ta set at 7.5;jm . The theoreffeical curve which gives the closest f i t to 
the experimental data has a value f o r 6 of 23,5°. 
The experimental results plotted i n f i g , 58 are seen to be i n good 
agreement with the (best f i t ) theoretical curve. The growth times are 
again expected to be overestimated due to coalescence events. Such a 
reduction of the growth time would lead to a lower 'best f i t ' contact 
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angle B . Furthermore, the Haoult Effect o f vapour p r e s s u r e lowering 
o v e r t h e incipient droplets must increase the i n i t i a l gi'0\Vth rates, 
although t h i B e f f e c t was seen to become negligible as the droplets 
grew beyond 3 t o 4yum diajmeter. NeverthelesLS, the correlation which has 
been established between the surface r e s i s t i v i t y characteristics and 
the derived condensation rate equations, i s believed to f i r m l y l i n k 
the two processes. 
F i n a l l y , time dependent tests were made on sub-cooled polythene, 
(Fig. 59). This test confirms the work i n section 6.1 where i t was 
stated that no r e s i s t i v i t y miniraxun and maximum were observed. The 
r e s i s t i v i t y measurements were made by applying 80 Volts p. to p. at 
15 
0.1 Hz across the surface. The maximum r e s i s t i v i t y of 3 x 10 "jti. 
represents the 'leakage' resistance of the instrumentation, t h u s the f i r s t 
section of the curve i n f i g . 59 doea not represent the true surface 
r e s i s t i v i t y . 
I n conclusion, the tests made on sub-cooled glass have shown that 
the surface r e s i s t i v i t y characteristics are dependent upon the physical 
process of droplet growth - rather than pxirely a function of time or 
temperature. The v i s u a l l y measvired droplet growth rates, and the surface 
r e s i s t i v i t y characteristics, have been successfully related to the 
the o r e t i c a l l y derived condensation rate equations. However, i t i s considered 
that an accurate comparison cannot be made due to experimental d i f f i c u l t i e s 
i n measuring droplet growth rates independently of coalescence events. 
Additionally the problems of measuring the droplet contact angle '9', 
and the errors involved i n the calculation of the mass transfer rates, 
has further reduced the accuracy of the correlation. 
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6.^  The Operation o f the Condensation Cell as a Dew-Point Hygrometer 
The aim of these tests was to operate the condensation c e l l as a 
manually controlled dew-point hygrometer with the microscope used to 
detect the dew deposit. The work was carried out on a glass specimen 
which had been suhjected to two previous dew deposits and was then washed 
in d i s t i l l e d water, i n order to 'stabilise' the surface. The surface 
r e s i s t i v i t y was monitored whilst the dew deposit was o p t i c a l l y detected 
and maintained at a constant droplet size. These tests were also an 
accurate method of checking the overall calibration of the gas satuxator 
and the glass surface temperature measurement. 
The operation of the equipment as a hygrometer was based on the 
procedure recommended by Wylie, Davies and Caw ( j ) . Thus the surface 
temperature was reduced and car e f u l l y adjusted to produce a dew deposit 
o f a particular average droplet size. After maintaining t h i s droplet 
size for approximately 30 minutes, the surface temperature was s l i g h t l y 
reduced u n t i l a larger droplet size was produced. Manual temperature 
control was then regained and the new deposit size was maintained f o r 
a further 50 minutes. After t h i s period, the droplet size was again 
increased and controlled f o r 30 minutes. The thermistor bridge balance 
resistance (which was varied to manually control the surface temperature), 
was noted during each test at a particular deposit size. 
I n practice, i t was found to be d i f f i c u l t to maintain the deposit 
i n a stable condition. Droplets s l i g h t l y larger than the average size 
tended to grow whilst the smaller droplets were in equilibrium. Dirring 
the manual control operation i t was necessai-y to vary the surface temperature 
s l i g h t l y above and below the 'average' temperature. The experimental 
results quoted i n Table 4» include the peak to peak teraperatiire exctirsion 
during- the manual control of a stable deposit size. 
18U 
TABLE 4 (OPTICALLY DETECTED DEPOSIT) DEW-POINT TEMPERATURE 
AVERAGE DROPLET DIAMETEIi THBKMISTOR RESISTANCE SURFACE TEMPERATURE 
50 yum 
75yum 
lOOy^m 
13430 + 1 0-0. 
13430 i 10 
13425 + 10 J I 
4.367 ± 0.015°C 
4.367 ± 0.015°C 
4.375 ± 0.015'^ C 
The thermometer i n the second gas saturator flask indicated a water 
temperatxire of 4,38 + 0,02°C. This thermometer was the assumed temperature 
'standard' during the thermistor c a l i b r a t i o n . (See Chapter 5 section 
5 . 2 ) . The estimated error i s due to the thermometer "readability" 
resolution; the thermometer was calibrated at 0.1°C intervals. 
The s l i g h t l y higher 'detected' dew-point temperature with the large 
droplet si7ie i s not i n agreement with Raoult's Law, i f i t i s assumed that 
a large droplet contains a more d i l u t e a l k a l i . s o l u t i o n than a small 
droplet. However, the uncertainty i n the experimental determination of 
a stable deposit i s greater than the 'dew-point' temperatvire difference 
between the droplet sizes. Hence the results cannot be accurately tested 
against Raoult's Law, 
The s-urface r e s i s t i v i t y record of the tests was i n i t i a l l y similar 
to the 'time dependent' resu].ts discussed i n the previous section. Thus, 
on cooling the surface, the r e s i s t i v i t y rapidly passed through the 
maximum and decreased slowly whilst the desired (50/im diameter) droplets 
were formed, When the equilibrium size condition was maintained, the 
surface r e s i s t i v i t y became almost constant with time. This trend was 
similar f o r each deposit size. 
Prom the above tests, i t follows that the time derivative of the 
surface r e s i s t i v i t y , when the surface contains a heavy deposit, must be 
a measure of the droplet equilibrium state and hence the dew-point. This 
process i s very slow, however, and would reqtiire many minutes to determine 
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the correct temperature f o r a zero r e s i s t i v i t y time derivative. The 
experiments indicated that the surface r e s i s t i v i t y achieved greatest 
s t a b i l i t y when the t h i r d equilibrium state was maintained, ( i . e . the 
largest droplet sizes ). Presumably chemical action (leaching) was 
responsible f o r the s l i g h t time dependent r e s i s t i v i t y decrease during 
the tests. 
The operation of the c e l l as a dew-point hygrometer has indicated 
that the overall temperature c a l i b r a t i o n system, and the gas saturator 
system, were stable and accurately calibrated. The surface r e s i s t i v i t y 
characteristics during the hygrometer operation have suggested that the 
time derivative of the surface r e s i s t i v i t y would be a possible method 
of detecting the dew-point, ( c . f . f i g . 52 i n section 6.2). For such 
work, the insulator surface material would have to be chosen to provide 
a chemically stable surface. I t i s considered that the time constant of 
such an e l e c t r i c a l detection system would be comparable with the optical 
dew detection methods and would s i m i l a r l y provide a signal suitable 
for an automatic control loop. 
A dew-point hygrometer based upon the above (derivative) principle 
i s expected to be basically more accurate than the 'conductivity type' 
instrument described by Bridgeman (4) viiich does not allow a dew deposit 
to form. The disadvantages of the postulated method, however, are the 
much longer times to form a deposit, and the chemical action of the dew 
deposit on the surface. A stable surface, ( s i l i c a , f o r example) and 
stable electrode, (gold, f o r example) could possibly be the basis of a 
hygrometer with an accuracy equal to present "sub standard" optical detec-
t i o n dew-point hygrometers. 
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6,4 The Photog3?aphic Study of Droplet Growth 
Some of the exp«rim«?nta described i n the earl i e r parts of t h i s 
chapter were repeated so that photographs of the dew deposit could be 
obtained. Chapter 5 section 5,7 contains a b r i e f description of the 
photographic technique. During the e a r l i e r experiments involving droplet 
size measurement (section 6 .2) the micropscope was continuously focused 
through the droplets on glass and the largest 'rim' of l i g h t was taken 
to be the droplet basal size. The photographic methods cannot f u l l y 
reproduce t h i s technique. 
Six photographs are included i n t h i s work ( f i g s . 60 to 65) . The 
f i r s t two are used to I l l u s t r a t e some basic droplet growth phenomena, 
and theremaining four are a sequence of deposit sizes during a typical 
growth period. A l l photographs show a surface area which i s 0,62rara 
diameter. The poor focus at the edge of the photographs i s presumed to 
be due to a mismatch between the microscope and camera optics. Visual 
observations through the microscope did not produce th i s effect. 
Fig. 60 shows droplet growth on the s i l v e r electrode after a ntunber 
of e a r l i e r coolings. The microscope graticule i s v i s i b l e on the photograph, 
and the small graduations are 4.85yum apart. Thus the droplets are 
t y p i c a l l y SOyum i n diameter. This photograph shows a coalescence event 
occii r r i r ^ j on the r i g h t hand side jus t below the centre, (between the 
'8 ' and '9 ' graduations on the gr a t i c u l e ) . The photographs were taken 
wi t h three high i n t e n s i t y flashes at intervals of f i v e seconds, thus 
the two o r i g i n a l droplets are clearly v i s i b l e and the new droplet i s 
superimposed between them. This shows that the new droplet tends to form 
at the centre of mass, rather than by one droplet being drawn int o 
the other. 
Fig. 61 was taken on a glass surface which had been very l i g h t l y 
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scratched, Thesf scratches were not v i s i b l e through tVie microscope and 
are considered to be less than l^m i n width. The droplets on the 
unscratched surface are t y p i c a l l y 6yum diameter, but a d e f i n i t e l i n e of 
larger droplets i s seen along the (presumed) scratch. This photograph i s 
strong evidence of nucleation behaviour. 
Pigs. 62, 63, 64 and 65, were taken during a time dependent growth 
cycle on a surface which was sub-cooled by 0.3°C. The photographs were 
taken at the boundary between the s i l v e r electrode (at the top) and 
the glass surface. Pig. 62 i l l u s t r a t e s the problem of measuring small 
droplet sizes on glass. Refocusing the microscope tiirough the deposit 
was s u f f i c i e n t to define the droplet bases. Pig. 65 shows that the 
droplets on the s i l v e r are c i r c u l a r i n basal shape but the droplets on 
glass are i r r e g u l a r ajid of various contact angles. A 'transition region' 
between the s i l v e r and glass i s believed to contain 'splashes' of s i l v e r 
caused by the surface mask during the s i l v e r evaporation procedure. The 
droplets i n t h i s region are intenuediate i n size between those on glass 
and those on s i l v e r . 
Pigs. 64 and 65 clearly show the differences between droplet growth 
on s i l v e r and on glass. The droplets on the glass have an irregular 
basal edge and appear to 'surround' each other but do not j o i n immediately 
to form a larger droplet. Droplets were s t i l l being nucleated between 
the large drops and were rapidly 'pulled' i n t o them. This was 
p a r t i c u l a r l y apparent i n the region between the silver and the glass. 
The droplet growth i n the work described i n sections 6.1 and 6.2 did 
not allow the droplets to reach the dimensions shown i n f i g . 65. This 
was only done here i n order to aid the photographic work. The photographs 
i l l u s t r a t e the problems encovintered i n defining the "disuneter" of a 
droplet on glass, and show that the values quoted i n section 6.2 must be 
regarded as "average widths". 
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F I G . t o LAR(iE DROPLETS O N SILVER 
N O T E COALESCENCE) 
FIG. tl. SMALL DROPLETS ON LIGHTLY SCRATCHED GLASS 
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F I G . 6 2 GROWTH SEQUENCE 1 
F I G . 6 3 GROWTH SEQUENCE 2 
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5, IROWTH JEQUENCE 
F\GJ>5 GROWTH SEQUENCE 4 
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C H A P T E R 7 
C O N C L U S I O N S 
Tlie primary purpose of the present work was to investigate the 
surface resistance characteristics of glass v/hilst i t was cooled through 
the dew-point temperature. The practical application of th i s work i s 
i n "cooled-surface dew-point hygrometers". The present investigation has 
exfiunined the surface behaviour of cooled spda-llme glass which exhibits 
certain r e s i s t i v i t y characteristics i n the region of the dew-point 
temperature which have not been s a t i s f a c t o r i l y explained i n the l i t e r a t u r e , 
( c . f . section 2.8 i n Chapter 2, the results of Small, and others). 
The present work has surveyed the l i t e r a t u r e dealing with the 
physical/chemical characteristics of glass surfaces and, i n particular, 
the effects of adsorbed water on these surfaces. The mechanism by which 
thi s adsorbed water becomes fre e l y growing droplets was believed fundamental 
to understanding the stirface e l e c t r i c a l characteristics, and has been 
studied by creating a computer-based model of droplet nucleation i n 
surface p i t s . The rate of water vapour condensation has been calculated 
by following the procedure outlined, but not f u l l y described, by Wylie, 
Daviea and Caw ( 3 ) . The model, and associated theoretical work, has 
thus been able to predict much of the physical surface behaviour at the 
dew-point, although the adsorption process and the effects of chemical 
surface reactions could not be accurately quantified. 
The present experimental work has provided some evidence of the 
'nucleation' mechanism of droplet formation on glass; unfortunately, 
however, a l l conventional optical microscopy techniques are unable to 
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resolve the incipience of nucleation. The rapid (logarithmic) f a l l of 
the tSliisB surface resistance an the temperature was reduced towards the 
d«v/-iJoint, indicates the formation of an adsorbed l i q u i d f i l m . An 
estimation of the specific resistance of the l i q u i d at the dew-point on 
soda-lime glass revealed a low value (~10^i1.cm) which suggests that 
the adsorbed water had dissolved some of the free surface a l k a l i . The 
reaction i s believed to be basically Na20 + H20-»2KaOH and the resultant 
conducting f i l m i s thus predominantly a sodium hydroxide solution. The 
specific r e s i s t i v i t y of the adsorbed f i l m on pure s i l i c a (>10^iicm) 
indicates that the adsorbed water was similar i n p u r i t y to d i s t i l l e d water. 
The f i r s t series of experiments involved cooling various insulator 
surfaces by regular temperatiire increments. This procediare was similar 
to that described by Smail et a l (6), although the time between temperature 
changes i n the present work was much shorter, and a continuous surface 
resistance record was obtained with simultaneous microscope observations. 
The v a r i a t i o n of the glass svirface resistance i n the region of the 
dew-point has shown the i n f l e c t i o n characteristics f i r s t described by 
Smail et al ( 6 ) . (Pig. 8, Chapter 2). Smail's postulation that t h i s 
surface characteristic was due to the break-up of a unifo3?m l i q u i d 
layer into droplets, i s now considered untenable on theoretical grounds 
and the recently reported observations of the coexistance of droplets and 
f i l m as "non-interacting phases". The present investigation has suggested 
an alternative physical mechanism which would s a t i s f a c t o r i l y explain 
the resistance i n f l e c t i o n . I t i s suggested that when droplets coalesce, 
the surrounding f i l m i s then 'shunted' by a smaller resistance because 
the basal area of the new droplet i s less than the sma of i t s constituents. 
Tlius the resistance increases during the i n i t i a l rapid coalescence 
events, although i t begins to f a l l again when the coalescence rate 
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decreases. 
Computer-based models of surfaces supporting a thin f i l m and coalescing 
droplets, have confirmed that a resistance i n f l e c t i o n may occur, and 
could account fo r the observed results i n the experimental work. An 
experimental study of the 'ageing' of the surface resistance characteristics 
on repeated coolings, has suggested that a l k a l i 'sweeping' by droplets 
could increase the resistance i n f l e c t i o n . This was clearly shown to 
occur on a leached glass surface where considerable 'sweeping' was 
possible, and the corresponding resistance i n f l e c t i o n was fovind to be 
very laxge. . 
The 'sweeping' action, i n which droplets are postulated to collect 
the surface a l k a l i and leave the interconnecting f i l m r e l a t i v e l y a l k a l i 
free, has satisfa.ctorily ^explained the changed r e s i s t i v i t y characteristics 
betvreen repeated coolings (ageing). 'Sweeping' was also shown to promote 
'premature* droplet growth due to the Raoult Effect of vapour pressure 
lowering over the a l k a l i - r i c h areas. 
The e l e c t r i c a l characteristics of modified soda-lime glass surfaces, 
s i l i c a surfaces, and polymer surfaces, have indicated many of the characteris-
t i c s specific to soda-lime glass, and certain general characteristics 
of insulator sui'faces during water vapoior condensation. The occurrence 
of a resistance i n f l e c t i 6 n on pure s i l i c a suggests a physical i n f l e c t i o n 
mechnjiism, rather than chemical, and coiild be explained by the postulated 
area vari a t i o n effect during coalescence. The results on polymers, 
however, did not c l e a r l y indicate any such i n f l e c t i o n - although experimental 
uncertainties l i m i t any d e f i n i t e conclusion from the results. The ground 
glass surfaces did. not exhibit coalescence events u n t i l the droplets 
were large (droplet movement was limited by the rough topography), and 
the surface resistance i n f l e c t i o n only began when these large droplets 
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.started, to coalesce. 
The experiments have enabled the resistance characteristics to be 
accurately compared with the true dev/-point temperature over water 
(the gas saturator water temperature). I n general, droplets were observed 
on soda-lime,glass at temperatures above the true dew-point, and this 
has been s a t i s f a c t o r i l y explained by the Raoult Effect, vVhen the surface 
a l k a l i had been 'swept' into small areas, the droplets formed during 
subseqiient coolings were observed on the 'clean' areas at temperatures 
ju s t below the dew-point. However, droplets were formed on the a l k a l i -
r i c h areas at temperatures approximately 0.5°C above the dew-point. 
Droplet formation on pure s i l i c a was observed at the dew-point temperature 
(within the uncertainty region of the temperature c a l i b r a t i o n ) . Droplet 
formation on the polymers occurred at temperatures well below the dew-point, 
and was explained by the 'Kelvin Effect' of droplet curvature on the 
necessary sub-cooling to nucleate droplets. 
I n general, the f i r s t series of experiments has shown that the 
glass surface resistance minimum occurs j u s t after the formation of the 
f i r s t droplets. The corresponding surface temperature elevation above 
the true dew-point i s largely dependent upon the 'Raoult Effect' of 
soluble surface materials. The 'Kelvin Effect' i s believed to be negligible 
on soda-lime glass and s i l i c a due to the low water/s\arface contact angles* 
The second series of experiments investigated the time dependent 
growth of droplets on glass surfaces 'sub-cooled' at a constant temperature 
below the dew-point. The observed growth rate of the droplet basal r a d i i 
has been s a t i s f a c t o r i l y related to the theoretically predicted rates, 
although considerable experimental vmcertainties were caused by droplet 
growth from coalescence i n addition to condensation. The experiments 
indicated that the shapes of the r e s i s t i v i t y / t i m e characteristics were 
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similar f o r each surface sub-cooling, although the overall time scale 
became shorter with greater sub-coolings. Furthermore, the average 
droplet sizes were seen to be the same on similar sections of the curves 
f o r various sub-coolings, and the r e s i s t i v i t y maxima corresponded to 
droplets 15^m diameter. This resu l t i s further evidence that the surface 
r e s i s t i v i t y I n f l e c t i o n characteristic i s due to the physical rearrangement 
of droplets on the surfacfe. Further analysis has successfully linked 
the r e s i s t i v i t y / t i m e characteristics with the droplet growth rates 
predicted by the computer-based model. 
The design and construction of the condensation c e l l and associated 
equipment has shown many of the problems which would be encountered i n 
constructing a hygrometer based on the surface r e s i s t i v i t y principle. 
F i r s t l y , the measurement of the Insulator surface temperature was a 
d i f f i c u l t problem, due to thermal conduction ftrom the thermometer elements, 
and was only overcome by i n d i r e c t temperature measurement beneath the 
insulator surface. The measurement of !bhe surface resistance required 
electrode probes of minimal contact area to further reduce temperature 
gradients across the insulator surface. Similarly the gas flow rates 
and the gas i n l e t nozzle position required careful setting to obtain an 
even dew deposit over the whole surface area. Clearly, the choice of 
sm-face materials f o r a pract i c a l instrument i s largely determined by 
the chemical s t a b i l i t y with water, to minimise the Raoult Effect, and 
should be a h i ^ energy surface (low water/surface contact angle) without 
pores, to minimise the Kelvin Effect. Of the materials tested, s i l i c a 
appears to meet the desired surface c r i t e r i a . 
The project has shown that the 'conductivity-type' dew-point hygrometer 
has no Inherent advantages over the 'optical-type' dew-point hygrometer. 
Indeed the l a t t e r method, which i s based on a metallic dew deposition 
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surface, has the advantage of greater chemical s t a b i l i t y , ease of temperature 
measurement, and design s i m p l i c i t y . Nevertheless, the project has 
reviewed the fundamental processes which occur on a glass svirface at the 
dew-point J and has correlated the surface r e s i s t i v i t y with a derived 
model of the dew formation and growth process. The experimental work has 
closely studied the e l e c t r i c a l and visual properties of insulator surfaces 
at the dew-point temperature, and has led to the proposal of a physical 
mechanism which s a t i s f a c t o r i l y explains the r e s i s t i v i t y 'ageing' process 
and the r e s i s t i v i t y ' i n f l e c t i o n ' noted by ea r l i e r workers. 
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A P P E N D I X 1 
Values of the Gas and Water Physical Properties, Relevant to the Present Work. 
The condensation rate equatioredeveloped i n Chapters 3 and 4 have 
been solved by substituting suitable values f o r the physical properties. 
The values of these properties are quoted below, and are given i n S.I, 
u n i t s . The gas and water, are assumed to be at a temperature of 1°C i n 
a 'standard atmospheric pressure' of 1.01 x lO^Pa, The 'carrier' gas 
i n the experimental work was pure nitrogen, thus the physical properties 
of t h i s gas were used i n the simulation work. The relevant properties 
of nitrogen are quoted below, together vdth the approximate temperature 
s e n s i t i v i t y of each value. The corresponding physical properties of a i r 
are also shown. 
1) The Gas Properties 
1.1) The thermal conductivity, k. (Units, W.m""'', °C"^) 
Nitrogen, k = 0.0243. This Value increases by 0,5^o per°C increase. 
For Air, k = 0.0241. 
1.2) The density,yOg . (Units, kg,m"^) 
Nitrogen,yOg = 1 ,?5, This value decreased by 0.4^' per °G increase. 
For A i r , ^ g = 1.29 
1.3) The coef f i c i e n t of molecular v i s c o s i t y . (Units, N.s,m''^ ) 
Nitrogenyj = 1,65 x 10~^. This value increases by 0.% per increase 
For air,yU = 1.68 x 10~^ 
1.4) The Prandtl Number, Pra, (Dimensionless) 
Nitrogen, Pra = 0.720, This value decreases by O.045!^ o per°C increase 
For a i r , Pra =0 .715 
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?) The VJater Properties 
2.1) The Molecular Weight, M = 18,016 k j . mol."* 
2.2) The Density, ^ . (Units, kg.m""^ ) 
For water, p » 1.000 x lO'^ .kg.m 
2.5) The"latent heat of vapourisation, Hfj . (Units, J.kg"^) 
For water, l i ^ j = 2,500 x 10^, This value decreases by 0. 
per °C increase. 
2.4) The surface tension, V , (Units J,m"'^ ) 
For water, X = 0,0755, This value decreases by 0,2^ (> per °C increase. 
Note. The value quoted i s for a plane air/water interface. The 
surface tension of droplets decreases with increase of curvature. 
The recent work of Ahn et al (83) has reviewed t h i s effect and 
shows that the decrease i s only significant f o r r a d i i less than 
20nm, For water droplets with a radius of 2nm, the surface tension 
2 
i s 0.058, whilst a radius of 5nm has the value O.O67 J. m 
5) Constants 
5.1) The Universal Gas Constant, R. (Units J.mol'^ K~^) 
R = 8.314 X 10^ 
3.2) The Paychrometer Constant, A (Units. C^""*) 
A = 7.2 X lO"*^ 
The value quoted here i s that used by Wylie (62) f o r simil ar 
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experimental conditions. I n practice, the value i s dependent upon many 
factors including the surface geometry and the gas velocity. The work 
reviewed by Harrison (63) suggests that increasing the gas speed from 
1.0 to 2.0 m/sec would decrease 'A' by approximately 4^ , 
The values f o r the gas properties quoted above ai?e taken from Simonson 
(84), whilst the other values are taken from Kaye and Laby (85). 
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A P P E N D I X 2 
The Temperature Controller 
The temperature measurement and control system has been designed 
to meet f i v e basic c r i t e r i a : -
i ) Teraperatixre measurement and control at any set-point within the range 
-20°C to 4 20°C 
i i ) Temperattire vset-point resolution >0,001 °C 
i i i ) Temperature control error band^0.001°C 
i v ) A f a s t response to set-point v a r i a t i o n , 
v) The a b i l i t y to change set-point with no temperature overshoot. 
The c o n t r o l l e r developed to f u l f i l the above c r i t e r i a follows the 
conventional design approach discussed, f o r example, by Kutz (86) and 
M u r r i l l (87). A bridge c i r c u i t compares the set-point resistance with 
the thermistor resistance and the difference signal controls the cooling 
element. The main problem to be overcome i n the present design was 
obtaining a stable control signal from the bridge when the most sensitive 
resolution was reqixired. The desired resolution i s such that a 0,001°C 
temperatiire change at 0°C represents a thermistor resistance change of 
approximately ^sl in 20,000ji. 
The c o n t r o l l e r comprises four basic sections. 
i ) A,C, Bridge and Amplifier. 
i i ) Phase Sensitive Detector (P.S.D.) 
i i i ) Cooling Element Current Source. 
i v ) Loop Control Unit. 
The design of each of the four sections w i l l be discussed below. 
A block diagram of the overall system i s shown i n f i g . 37 i n Chapter 5. 
i ) A.C. Bridge and Amplifier (Fig, 101) 
An A.C. conductivity bridge has been chosen as the most suitable 
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design f o r the present measxirements. The excitation frequency was 
limited to less than l50Hz because of phase displacement i n the P.S.D., 
but should not be too low otherwise the P.S.D.. f i l t e r i n g time constant 
would become excessive. The frequency shoiild avoid mains 50Hz or i t s 
harmonics. The chosen frequency was 80Hz. 
The voltage across the thermistor i s limited by the self-heating 
eff e c t , and f o r the Fenwal UUA35J1 the appropriate dissipation constant 
i s 8mW/°C. The bridge arm voltage wais set at lOOmV r.m.s., w4iich causes 
approximately 0.5/j W self heating at 0°C. This produces a 6 x 10~^ °C 
temperature r i s e . 
The bridge c i r c u i t ( f i g . 101) consists of two low noise amplifiers. 
The f i r s t stage i s operated as a current to voltage converter with the 
conversion r a t i o Vi = -10 . The second stage i s an inverting amplifier 
with switchable gains from unity to 500. The bridge s e n s i t i v i t y w i l l 
be calculated :-
In the bridge arms I i - I z = I'm 
Thus 7^ V _ V ^ lin _ - JA. 
Rs Rth+AR 1 0 ' 
V, = - l o ' . V. / ± _ I \ ' " ^ ^ ^ 
Rs R th+AR 
And the overall bridge and amplifier gain i s 
Where I i = current i n 'set-point' resistance 
I i = current i n thermistor. 
I in = 'out of balance' current. 
V = bridge excitation voltage per arm 
Vi = output voltage of Ai 
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= output voltage of A2., 
Ks » 'reference' or 'set-point' resistance. 
Rth m thermistor resistance, 
A R a thermistor resistance increment, 
Gz = voltage gain of the second stage (Az). 
The bridge s e n s i t i v i t y at 0°C may be calculated f o r the maximum 
gain condition. 
Thus Gz= -500 
Rs = Rth « I6325J1. at 0°C 
A R - 0 .85ixper 0.001°C 
V = lOOraV 
g^ xxs Vout « 15.9mV per 0.001°C at 0°C 
This signal l e v e l i s quite adequate to drive a control system. 
Unfortunately, however, there i s a considerable quantity of noise associated 
with t h i s signal. Mains 50Hz pick-up i s the main source of interference 
with the 80Hz signal. From the above calculations, l i n * 5.2 x 1 0 A . (rms) 
per 0,001°C, and the mains 50Hz component was found to be many times 
greater than t h i s level - despite the use of shielded cables and common 
earth points, A phase sensitive detector was therefore used after the 
A,C, amplifier to recover the signal from the noise, 
i i ) The Phase Sensitive Detector (P,S.D.) (Figs. 102 and 103) 
The P.S.D. serves two purposes i n the control loop. F i r s t l y i t 
indicates the p o l a r i t y of the bridge imbalance signal, and secondly 
i t recovers the signal from i n t e r f e r i n g noise and pick-up. 
The P.S,D, c i r c u i t , f i g , 103, i s similar to that described by 
Marzetta (88), SW1 and SW2 are used to grotmd the inputs so that the 
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ainpliliftr offsftt potentiometers may be adjusted to produce a zero d.c. 
of f s e t at the output. Typically the output offset remained within 
5 0 ^ V of zero during testa. The c i r c u i t has a d.c. output equal to 
(2/Tt) X (/J*) X (Vsij ) where Vsij i s the r.m.s. input voltage. This 
expression assumes that the signal and reference are i n phase; and i f 
there i s a phase displacement ^ \ then the expression must "be multiplied 
by (Cosy). To ensure that phase displacement errors are minimised, 
a reference signal amplifier i s capable of 'trimming' the phase. 
The reference amplifier ( f i g , 102) provides a i 6 Volt squarewave 
which i s 180° displaced from the bridge voltage. This displacement i s 
necessary to compensate f o r the signal inversion i n A2. The potentiometer 
adjusts the switching threshold of the saturating amplifier, A9, thus i t 
corrects assymetry i n the waveform. I n practice, SW2 was closed on 
the P.S.D. and the 'phase adjust' control was set to produce zero signal 
from the P.S.D. before each test, 
i i i ) The Cooling Element Current Source (Fig. 105) 
The Cambion 395''~1 cooling element has a maximum resistance of 1 A 
and i s designed to operate with an input current up to a maximum of 
6AmpB. I n the present work, the lowest attainable surface temperature 
was -28°C. Over a l i m i t e d current range, 0 to 3 Amps, approximately, 
the temperature d i f f e r e n t i a l between opposite sides of the cooler i s 
almost l i n e a r l y dependent on the input cixrrent. The manufacturer's 
l i t e r a t u r e , and tests with the thermistor bridge, show that the d i f f e r e n t i a l 
temperature s e n s i t i v i t y at 1 Amp. i s 11°C per Amp, 
A precision ciurrent source has been developed to provide any desired 
constant current into the cooler. This c i r c u i t i s based on the 'Howland' 
current pump, and comprises A I 4 , with TR1,2 and 3, i n a loop which 
maintains constant current i n the cooling element. The cooler current 
I c , i s given by 
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Ic = - Vin/R3 
Vvhere Vin i n the output voltage of A15, at Rl 
and R3 i s a 2A resistor. 
The c i r c u i t i n f i g . 105 i s capable of providing a cooler current 
from 0 to 6 Amps, as the input voltage varies from 0 to -12Volts. When 
the load current i s 6 Amps, the lOVclt supply provides 9 Amps. R4-
dissipates 16 V/atts, and R3 dissipates 18 Watts under maximum load thus 
high power ( 1 0 0 Watt) high s t a b i l i t y resistors were used and were 
bolted onto heat sinks. The current source has an input resistance of 
lOOkii and i s i d e a l l y operated from the low output resistance of the 
c o n t r o l l e r summing amplifier A13. 
i v ) The Control Loop, and the Control Unit (Fig. 104) 
The system described so f a r may be operated as an open loop controller. 
The teraperatxire may be altered by adjusting the voltage i n t o the cooling 
element current source, and the actual temperature may be measured with 
the bridge and detector c i r c u i t s . I n practice, however, the temperatxxre 
of the copper block and insulator specimen i s not d i r e c t l y proportional 
to the cooling element current, nor i s i t absolutely stable. There are a 
number of sources of temperatvire ' d r i f t ' . F i r s t l y , a f t e r an increase i n 
cooler c\irrent, the d i f f e r e n t i a l temperature across the cooler becomes 
constant a f t e r a time lag i n the order of 15 minutes, but the heat sink 
temperatiLre continues to increase at a much slower rate. Thus the cold 
face temperature f a l l s to a rainimm and then slowly increases. Short 
term temperature fluctuations are a second source of error, and are most 
noticeable during condensation vrtien extra thermal energy i s dissipated 
on the surface of the insulator. 
A closed loop control system has been designed so that the above 
d r i f t problems, and various other problems, could be eliminated. The 
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(3% time constant of the cooling element and block assembly has been 
meaaured as 4.7 minutes, (open loop). The copper block alone has a 
time constant calculated to be less than 2 5 seconds, thus the cooling 
element provides the greatest thermal lag. The control loop has been 
designed to red\ice t h i s time lag, and the loop has a variable time 
constant so that temperature overshoot may be avoided when changing 
set-point. 
Id e a l l y , proportional + integral + d i f f e r e n t i a l control provides 
the optimum performance f o r the type of control required. I n practice, 
d i f f e r e n t i a l control could not be s a t i s f a c t o r i l y obtained due to excessive 
noise from an active d i f f e r e n t i a t o r c i r c u i t . Nevertheless, proportional 
»• 
+ integral control has provided a system which meets the original design 
aims. 
Ttie signal which feeds the cooling element current source comprises 
three parts which are summed i n A I 5 . F i r s t l y , a constant voltage from 
A 1 2 which i s i n i t i a l l y set to bring the cooler temperature close to the 
set-point, and within the proportional band of the control u n i t . 
(The proportional band i s defined by the saturation levels of the integrator 
and proportional amplifiers). The second input to the summing amplifier 
i s the integral of the P.S.D. signal (e r r o r ) , and A10 i s the active 
integrator. (SW4 i s a low leakeage switch which i s opened to commence 
the integration). The t h i r d input to A13 i s proportional to the P,S.D. 
signal, and i s invertedinA 1 1 with a gain of - 0 , 5 . (SW5 i s kept shorted 
to ground before control action i s required). 
A 1 2 has a gain of 2 , thus each turn of the 'set current' potentiometer 
represents one Amp cooler current. The cooler s e n s i t i v i t y i s 11°C per An>^ 
at 1 Amp. The integrator time constant, and the integrator and propor-
ti o n a l gains (set by R V 1 and R V 2 ) , were i n i t i a l l y chosen by following 
the empirically derived equations quoted by M u r r i l l ( 8 7 ) . The practical 
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results based on these controller constants were good, and only required 
Blight adjustment to optimise the controller response for the present 
requirements. 
The control loop has been analysed to study the step response of 
the system so that the correct damping could be predicted. Pig, 106 i s 
a block diagram of the overall control loop. 
\Teni>.) 
CoNT (ROLLER THERMISTOR Sftioce 
-1LGL_106 TEliPERflTURE CoNTROL I. OOP 
The amplifier time constants, and thermistor time constant, are 
less than 1 second and are therefore neglected i n the above loop. The 
cooling element and copper block are assumed to be a f i r s t order l a g 
terra, with a time constant of 4.7 minutes, the measured value. 
K, = proportional amplifier gain = ( - 0 - 5 ) x ( ) 
K2 = cooler source gain constant » 5*5 'C, per Volt 
K3 "(bridge conversion gain)x(P.S.]J. gain)« 15-9 xO-S Volts per 'C at O'C, 
Tm = integrator time constant = 8 0 x ""^^^^ Seconc/s. 
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where Rt = I 0 MA and C r = 8yuF 
Te = thermal time constjmt = 4.7 x 60 seconds. 
From f i g , 106 i t i s seen that 
G _ V, . / K, + _ L W ] ••••(5) 
e I S.Tm j I I + S.Te / 
To obtain the characteristic equation, 1 + G = 0 
Thus I A. Ki K> . ^ Kt „, zz n 
• \^s.Je 5Jm(l+S.Te) ^ 
^ ^ I Ki Kz Ki ^ Ki K? _ Q . . . , ( 4 ) 
\ Te / Tm.T© 
From t h i s second order equation, the natural undamped frequency, 
COn, and the damping r a t i o , ^ , may be calculated. 
= rjUZ . . . . ( 5 ) 
V Te.Tm 
T - J-±J<lM3 iC) 
^ - 2. (Jn. te "-^'^ 
For optimum steady state control ( i . e . an underdamped system), 
R V 1 = 15kji , R V 2 = 20kii. . (These values were found by experimental 
t e s t s ) . The controller, with these settings, w i l l be analysed by the 
above equations. 
From the preceding work, 
Ki - 0.3 
K2 » 5.5°C/V 
KE = 14.3 v A 
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TIT. = 100 sec. 
Te - 282 sec. 
Thus Wn « 0,053 rad/aec 
and ^ = 0.79 
Ttie time constant,T = CJnTj = 24 seconds. 
The experimental results of t h i s control operation are plotted i n 
f i g , 107, These prac t i c a l results indicate a similar time constant, 
T , although the damping r a t i o i s i n the order of 0,55, 
To avoid overshoot ( i . e , to make ^ ^ l ) the Integrator time 
constant was increased during the set-point change by switching SW3 
to a higher integrator r e s i s t o r . With the above gain settings, 
Yv'hen Ri = 10MA + 25MA , Wn = 0,028 rad/sec and ^ = 1.55 
Rx = IOMJI + 50MA , Un = 0,0216 rad/sec and ^ = 2,02 
R: = 10MA + lOOMn, U)n = 0,016? rad/sec and ) = 2.6l 
The performance of the control loop i s shown i n fig,107 where the 
integrator time constants are compared. The s e n s i t i v i t y of the bridge 
was shown i n equation (2) to depend upon the thermistor resistance, hence 
K.3 i s a function of temperature, This dependence of Ks "^ n temperature, 
and other small non-linearities, has led to the necessity to experimentally 
test the co n t r o l l e r before each series of insulator coolings. These 
i n i t i a l tests determined the minimum integrator time constant which avoided 
temperature overshoot during each temperature step. 
For optimtim,oofvtrol with greatest system s e n s i t i v i t y (A2 gain = 
500), RpTwas set at 15kJi. and RV2 was set at 20ksi. . This control was 
2d/for the time dependent, constant temperature tests described i n pter 6, 
For optimum control with a lesser s e n s i t i v i t y (A2 gain = 20), 
RV1 was set at 3ka and RV2 was set at 2,5kjn. , This control was used 
for the tests involving temperature steps equivalent to IOOXL increments 
220. 
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i n thermistor resistance. 
The peak to peak deviation of the (error) signal from the P.S.D, 
was ImV maximum at the greatest system s e n s i t i v i t y at 0°C, This error 
band i s equivalent to a temperature excursion of i 3.5 x 10~^ "^C. Clearly, 
the c o n t r o l l e r performance exceeds the design aims by a large margin and 
the s t a b i l i t y of the overall system must depend upon that of the thermistor 
as discussed i n Chapter 5 section 5.4. 
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A P P E N D I X 3 
llie Computer Simulation of the Surface Resistance Change Dtiring Droplet 
Coalescence. 
The calculation of the 'surface' resistance through a growing dew 
deposit i s a d i f f i c u l t problem. The si t u a t i o n to be simulated i n t h i s 
work consists of a t h i n l i q u i d f i l m siirrounding a number of l i q u i d 
droplets. The required resistance i s that between opposite sides of a 
square area of f i l m and droplets resting on an insulating plane substrate, 
Fig. 108 shows t h i s surface condition. 
A direc t mathematical solution i s not available f o r such a complex 
three dimensional f i e l d problem. The method adopted i n the present 
work i s a ' f i n i t e element' solution, obtained by dividing the l i q u i d 
volume into many small elements and creating a resistor network model 
of the l i q u i d . 
The substrate (insulator) surface i s divided into small squares, 
and the l i n e intersection points are refered to as "grid points" i n 
th i s work. The centre of each square i s considered to be an e l e c t r i c a l 
node, and adjacent nodes are connected by single resistors. Pig. 109 
i l l u s t r a t e s t h i s nodal interconnection. 
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The resistance, RN, between adjacent nodes i s given by:-
A 
Where = the l i q u i d specific resistance 
i = the distance between nodes 
A = the cross sectional area of the l i q u i d between the nodes. 
To calculate the resistance, , between nodes 1 and 2 i t i s 
necessary to f i n d the cross sectional l i q u i d area between gr i d points 
2,2 and 2,3, For the purpose of the present simulation, t h i s area 
'A' i s taken to be:-
A = i . 1 k,2 + L,?] 
Z 
Where hin i s the l i q u i d height at 2,2 
and 1^ 2,3 i s the l i q u i d height at 2,3 
Thus 1^,^^ = 2. f> ( 7 ) 
Pig. 111 shows a cross section through a droplet and f i l m which 
has been divided i n t o elements. The l i q u i d height, h» at any point above 
the substrate covered by a droplet i s given by:-
Hxy - \Ti_ _ / x H w^ )' / r« \ (8) 
4 Sin' 6 \ I a n f / 
Vihere X i s the X coordinate distance of the point on the horizontal 
substrate, from the droplet centre, 
i s the Y coordinate distance of the point on the horizontal 
substrate, from the droplet centre, 
TB i s the basal radius of the droplet. 
9 i s the droplet contact angle with the substrate. 
2 2 6 , 
A number of models have been developed to study the effects of drop-
l e t growth and coalescence. The general method of calculating the 
surface r0aist.ance of any defined physical surface conditions w i l l be 
described before individual models are discussed. 
The computer based simulation of any surface condition involves 
the creation of a suitable number of l i q u i d elements and e l e c t r i c a l 
nodes. The l i q u i d height at each grid point i s then calculated, and 
hence the resistances between nodes may be found. Fig. 110 shows the 
resi s t o r network which follows d i r e c t l y from the defined g r i d model. 
The edge to edge surface resistance i s calculated by creating a conduc-
tance matrix f o r the nodes, and a c\irrent source matrix which i s zero 
f o r a l l terms except nodel. The matrix i s then solved, and the voltages 
are found at each node. The t o t a l resistance of the f i l m and droplets 
i s given by Vi / l i where Vi i s the calculated voltage at node 1 and 
11 i s the defined current through nodel. 
To obtain an accxuxate surface resistance value i t i s necessary to 
divide the surface in t o many small elements so that the droplets may be 
accurately modelled. However, the computing e f f o r t rises considerably 
with an increase i n nodes, thus i t has been necessary to optimise the 
calculation routine. The program which inverts and solves the conductance 
matrix was developed i n the Department of Engineering Science at the 
University of Durham, f o r the analysis of structures. The 'conductance 
matrix' replaces the 'stiffness matrix' i n the origi n a l program. The 
method of solution i s based on a 'Choleski' technique which only requires 
the computer storage of diagonal elements w i t h i n the matrix bandwidth. 
Thus a model with 40 x 40 nodes requires the storage of 40 x 1600 terms 
i n the Choleski method, but would require 1600 x 1600 terras to invert 
by less advanced methods. 
2 2 7 . 
Three sizes of surface model have been developed; 10 x 10, 40 x 40 
and 50 X 50 grid point models. The 10 x 10 model i s quickly and accvirately 
solved by computer (7 seconds C.P.U. time and 0.004^' calculation error 
on a plane uniform f i l m ) . The 10 x 10 model, however, has i n s u f f i c i e n t 
resolution to accurately model the process of droplet coalescence and 
multi-droplet growth. The larger models were found to have an adequate 
resolution, but the computational e f f o r t was considerable. (The 50 x 50 
model was estimated to require > 1000 seconds C.P.U. time f o r the solution). 
A technique has therefore been developed to reduce the number of 
nodes whilst retaining the resolution of the origin a l network. This 
'nodal reduction technique' i s based on the generalised version of the 
'star-delta transformation'j called Rosen's Theorem, f i g . 112 i l l u s t r a t e s 
the application of t h i s theorem to the present problem. I t has been 
found that the number of new nodes i s half the original number plus one. 
I t should be possible to keep reapplying the technique to obtain a 
further reduction i n the number of nodes, but no method has been developed 
to program the computer to automatically regenerate the process. The 
single application of the method has proved adequate f o r the present work, 
and the 40 x 40 model requires 170 seconds C.P.TJ, time f o r solution and 
has a calculation error of O.OSjC on a plane f i l m . The 50 x 50 model 
requires 380 seconds C.P.U. time and has an error of 0,2°/o, The 40 x 40 
model has been used i n a l l of the simulations described below. 
The i n i t i a l computational work was done on the"lBM 360"computer 
(Universities of Newcastle/Durham) but the large storage and time require-
ments of the program l i m i t e d the maximum number of steps per simulation 
to 10 ( i . e . ten resistance calculations during a simulated drop growth 
sequence). The f i n a l work was done on the*IBM 370*computer at the 
University of Cambridge which i s approximately 5 times faster than the 
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"IBM 360.* 
Three models w i l l be bi'iefly described 
1) Two droplets growing' ;and coalescing, ( i i ) IVenty droplets growing 
and coalescing, ( i i i ) Multiple drojjlet coalescence. 
1) The Two Droplet ivlodel 
The inp\it data to the 'two droplet' model consists of the coordinates 
(on the 40 x 40 u n i t axes) of the centres of two droplets, and th e i r 
i n i t i a l r a d i i . The g r i d points are taken to be O.lyum apart, thus the 
area studied i s 4 x 4/um . The droplet growth rate, calculated from 
equation (7?) i n Chapter 4j i s also program input data, together with 
the droplet contact angle '0' and the adsorbed f i l m thickness. Suitable 
time incremients were chosen to allow an equal number of growth ^ beps before 
and after coalescence occurred. 
The computer-baaed model calculates the surface resisttmce after 
each radius increment of the or i g i n a l two droplets, and a check i s made 
to f i n d i f the droplets have touched. When t h i s occurs, a new droplet 
i s formed such that , i t s volume i s the sura of the constituent droplets 
and i t s coordinates are at the centre of mass of the constituent droplets. 
Each simulated growth sequence i s made with a f i l m of constant 
thickness surrounding the droplets. The specific resistance of the 
droplets and f i l m i s taken to be a constant value, (ijzy/mis chosen 
as a convenient specific resistance f o r a l l simulations). 
Pig.113 shows the results of a number of simulations of two droplet 
growth and coalescence. The i n i t i a l two droplets i n each simulation were 
of equal diameter, which i s the condition of maximum area change during 
coalescence. The droplets were placed i n three different directions 
r e l a t i v e to the electrode axis. Prom f i g . 113 i t i s seen that the 
maximxun resistance increase occurs when the droplets are perpendicular 
to the electrodes. The graphs show the effect of various i n i t i a l droplet 
sizes, and d i f f e r e n t f i l m thickness. The largest resistance increase 
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found i n the present simulation occurred when two droplets 1.7yum diameter, 
with contact angles of ? 0 ° , coalesced on a surface with a 2nm f i l m thick-
ness. The resistance increase was 50?i of the resistance before coalescence. 
The scale of the model may be changed without a l t e r i n g the general 
r e s u l t s , although the droplet growth rates must then be d i f f e r e n t , 
i i ) The Twenty Droplet Model 
The twenty droplet model i s a direct development of the two droplet 
model. The droplet centres were randomly located on the surface, and 
the i n i t i a l droplet diameters were chosen within a small range of values. 
Again, the droplet diameters were increased by regular increments cal-
culated from the mass transfer rate equations. The computer program 
contained arrays which stored the droplet locations and diameters, and 
a f t e r each time step the arrays were scanned to check for droplet coalescence 
events. I f more than one coalescence sit u a t i o n was possible, the droplets 
which had greatest 'overlap' were reformed f i r s t . The 'data arrays' 
were updated after the new droplet locations and diameters had been 
found, and the sui'face resistance was then calculated. 
The model was capable of simulating droplet growth by time and/or 
temperature increments, and therefore follows the two basic types of 
experiment described i n Chapter 6, I n practice, the model examined 
droplet growth at constant surface sub-cooling. 
The considerable time and storage requirements of the computer 
program have re s t r i c t e d the number of simulations with this model. 
Fig. 114 shows two typical simulation results, and indicates that smaller 
time increments and a larger number of droplets would be necessary to 
'smooth' the resixlts. A resistance increase i s clearly shown on part of 
each curve. I t i s considered that the droplets have grownwith too small 
size change to s a t i s f a c t o r i l y study the situation i n practice where the a 
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2 3 3 . 
recistance increase takes place over an estimated droplet diameter change 
from npproxlraately O.Z^mto iS/^m. 
I t i s considered posnible to extend t h i s simulation by combining; i t 
vv'ith the droplet nucleation and growth model, developed i n Chapter 4 , 
to model a complete dew deposit formation and growth process. This has 
not been attempted, however, due to the computational size and time 
l i m i t s . Purthermore the model would require modification to simulate 
the surface leaching and 'sweeping' effect discussed i n Chapter 6, which 
is believed to be a contributary factor i n the surface resistance 
characteristic. 
i i i ) Multiple ])roplet Coalescence 
The f i n a l computer model simulated the effects of many droplets 
simultaneously coalescing to form a single droplet. The aim of t h i s 
work was to establish some data f o r the maximum effect ( i . e . the greatest 
resistance increase) caused by coalescence. 
The surface was i n i t i a l l y covered by 46 identical droplets i n a 
triangular close packed arrangement. These droplets coalesced to form 
a single droplet i n the centre of the surface, '[he simulations b r i e f l y 
considered the effects of changing the droplet contact angle 'Q', and 
changing the f i l m thickness. The results are shown below:-
2 3 4 . 
FILM 
THIGKWBSS 
CONTACT 
ANGLE 
(deg.) 
NUMBER OP 
BROPLETS 
SURFACE RESISTANCE 
(BASED ON /> « U^m) 
(^) 
0 .001 - Plane Pilm - 999.2 
0 .001 10 46 EQUAL 134.9 
0.001 •TOTAL 10 1> VOLUME 629.7 
0 .001 20 46 EQUAL 69.5 
0.001 T^OTAL 20 1 VOLUI'CB 612.9 
0.004 20 46)EQUAL 60.8 
0.004 TOTAL 20 1| VOLUME 163.3 
Am 
The 46 small droplets each have a basal radius of 0 . 6 l ^ r n . 
The single 'combined' droplet has a basal radius of 1.63y>i» 
From the above results i t i s seen that the greatest resistance 
increase (by a factor of 8.8) occurs with the thinnest f i l m and the 
greatest droplet contact angle. As i n the earli e r simulations, the 
scale of the model may be changed without affecting the general result. 
Thus the f i l m thickness could be O.OI^ m (40 molecules rather than 4 
molecules th i c k ) and the area would then be 40/"^ square. 
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